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METHODS AND APPARATUSES FOR ENHANCING THE RELIABILITY AND
PERFORMANCE OF THE PHYSICAL DOWNLINK CONTROL CHANNEL IN A
WIRELESS COMMUNICATIONS NETWORK

TECHNICAL FIELD

The present disclosure relates to the field of wireless communications, and in particular to
methods and apparatuses for enhancing the reliability and performance of the physical
downlink control channel (PDCCH) in a wireless communications network such as advanced

5G networks.
BACKGROUND

In the third generation partnership project new radio (3GPP NR), also known as 5G, and its
further releases [1-6], the physical downlink control channel (PDCCH) carries the downlink
control information (DCI) that is used for one of the following: scheduling of the physical
downlink shared channel (PDSCH) or the physical uplink shared channel (PUSCH), slot format
indication, power control command transmission, scheduling of NR/LTE sidelink channel,
cancelling of uplink (UL) transmission and power saving information among others. In ultra-
reliable low-latency communication (URLLC) systems, which is a vital use-case in the
deployment of 5G systems, reliable transmission of the DCI is necessary for the robustness
and performance of other physical channels. So far in 3GPP standardization, various
transmission acknowledgement maneuvers, link adaptation measures, and various physical
(PHY)-layer and higher layer signaling procedures exist to aid in URLLC communications. In
the context of multiple-input-multiple-output (MIMO) communications, the URLLC use cases

may be supported via multiple transmit-receive-point (TRP) transmissions.

In millimeter wave (mmWave) frequencies (frequency range 2 (FR2)), i.e., frequencies above
6 GHz, in general, wireless communication between communication devices is performed with
spatially selective/directive transmissions and receptions called beams. The term ‘beam’ is
used in the following to denote a spatially selective/directive transmission of an outgoing signal
or reception of an incoming signal which is achieved by precoding/filtering the signal at the
antenna ports of the device with a set of coefficients. The word precoding or filtering may refer
to processing of the signal in the analog or digital domain. The set of coefficients used to
spatially direct a transmission/reception in a certain direction may differ from one direction to
another direction. The term ‘Tx beam’ denotes a spatially selective/directive transmission and
the term ‘Rx beam’ denotes a spatially selective/directive reception. The set of coefficients

used to precodeffilter the transmission or reception is denoted by the term ‘spatial filter’. The
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term ‘spatial filter’ is used interchangeably with the term ‘beam direction’ in this document as
the spatial filter coefficients determine the direction in which a transmission/reception is

spatially directed to.

The term ‘higher layer’ in the following, when used in isolation, denotes any communication

layer above the physical layer in the protocol stack.

The term serving cell and carrier component (CC) may be used interchangeably in this
disclosure as a serving cell configured for a UE and is usually a separate physical carrier with
a certain carrier frequency. Depending on the frequency of a component carrier/serving cell,
the size of the cell and the beamformed reference signals may vary. Each serving cell or
component carrier comprises Ngwp = 1 bandwidth parts (BWP) which is a set of frequency
domain resources. At any given time instant in a serving cell, the UE may receive physical
layer transmissions from a TRP or any other network element in one of the configured BWPs
in the DL in the cell and may perform transmissions in one of the configured BWPs in the UL

in the cell.

In the following, the state of the art (SoTA) on physical layer downlink (DL) channels, especially
the PDCCH, is provided. The issues to be considered to schedule PDCCH transmissions from
multiple TRPs are then discussed followed by a discussion on PDCCH reliability, robustness

and performance in a multi-TRP context.

It is to be noted that any mention of an action performed by a gNodeB (gNB) can also be
performed by any other element of the network and hence any concerned statement shall be

read as such.

PHYSICAL DOWNLINK CONTROL CHANNEL (PDCCH)

The PDCCH is configured at the radio resource control (RRC) layer level by a base station or
a network node or a gNodeB (gNB). The gNB transmits the PDCCH(s) on one or more control
resource sets (CORESETSs) that are configured at RRC level as shown in Figure 1. A
CORESET is a set of resources where control information may be transmitted to the UE. A
CORESET comprises of NSYRESET resource blocks (RBs) in the frequency domain (given by

the higher layer parameter frequencyDomainResources) and Ngons %"

€ {1,2,3} symbols in
the time domain (given by the higher layer parameter duration). The UE may be configured

with up to 3 CORESETSs per BWP per serving cell [1].
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Each CORESET comprises one or more control channel elements (CCEs). Each CCE
comprises 6 resource element groups (REGs), where each REG equals one resource block in
one orthogonal frequency division multiplexing (OFDM) symbol. Resource-element groups
within a CORESET are numbered in increasing order in a time-first manner, starting with O for
the first OFDM symbol and the lowest-numbered resource block in the control resource set [1].
Each CORESET is associated with a CCE-to-REG mapping. The CCE-to-REG mapping for a
CORESET can be interleaved or non-interleaved and is described by REG bundles as
provided in [1]. A REG bundle may comprise 2, 3 or 6 REGs.

A PDCCH carrying a DCI for one of the following purposes may be transmitted on one or more
CCEs:

- scheduling of the PDSCH or the PUSCH or NR/LTE sidelink channel, or

- slot format indication, or

- power control command transmission, or

- cancelling of UL transmission, or

- power saving information notification, or

- soft resources availability notification, among others.

The number of CCEs used for a PDCCH is indicated by an ‘aggregation level’. If a PDCCH
has an aggregation level of 4, the PDCCH is transmitted on 4 CCEs. The possible values for
‘aggregation level’ are 1, 2, 4, 8 and 16 [1]. A DCI of aggregation level L comprises L
continuously numbered CCEs, and the CCEs are mapped on a number of REGs on a
CORESET. The type of CCE-to-REG mapping used in a CORESET - interleaved or non-
interleaved — and details regarding the mapping are provided in the corresponding CORESET

configuration [6].

It should be noted that the terms PDCCH and DCI may be used interchangeably in this
disclosure. Both terms refer to a downlink control channel information obtained via the physical

layer.

The UE searches for valid PDCCH(s)/DCI(s) in the PDCCH candidates on configured search
space sets on the CORESETs. A search space set that the UE searches for PDCCH
candidates on a CORESET are provided via the higher layer configuration of the search space
(SS) set — the information element SearchSpace as shown in Figure 2. Each search space
set is associated with a CORESET via higher layer configuration as shown in Figure 2 and
comprises the number of PDCCH candidates in a given aggregation level where the UE

performs blind decoding on in search of a valid PDCCH/DCI. The blind decoding process
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involves, in addition to error correction decoding, the unscrambling of the cyclic redundancy
check (CRC) bits of each PDCCH candidate in every search space set with various radio
network temporary identifier (RNTI) values that they can be possibly scrambled with and
performing the CRC check to verify if the CCEs corresponding to the PDCCH candidate
comprise a valid DCI according to the DCI formats to be monitored for the given search space

set.

There are two types of SS sets [3] [6]:
- Common search space (CSS) sets — commonly monitored by a group of UEs in the cell,
and

- UE-specific search space (USS) sets — monitored by an individual UE.

The categorization of the search space (SS) into one of the two types above is achieved by
setting the parameter searchSpaceType in SearchSpace to ‘common’ or ‘ue-Specific’. Each
search space set is associated with a CORESET - the ID of the associated CORESET is
provided in controlResourceSetld in the higher layer configuration SearchSpace. The UE may
be configured with up to 10 search space sets per DL BWP in a serving cell, i.e., there can be
a maximum of 40 configured search space sets in a serving cell, wherein each configured

search space set is provided with a SearchSpaceld.

Apart from the CORESETs and the search space sets configured as indicated above,
CORESET 0 and searchSpaceZero are separately provided to the UE. CORESET O is
configured using the master information block (MIB) as shown in Figure 3, obtained from the
cell-defining synchronization signal and physical broadcast channel (PBCH) block (SSB).
CORESET 0 can be acquired even before higher-layer configurations are provided, i.e., before
additional system information or dedicated configuration is provided, while its configuration is
restricted to a limited number of combinations of parameters compared to other CORESETSs.
Similarly, search space 0, which is a common search space set, is also provided to the UE by
the MIB as shown in Figure 3 and its configuration is restricted to a limited number of

combinations of parameters compared to other search space sets.

The PDCCH(s) transmitted on common search space sets (CSSs) provide paging information,
random access procedure information, system information block 1 (SIB1) and other system
information to the UE among others. The higher layer configuration PDCCH-ConfigCommon
provides the IDs of the search space sets used to obtain each of the aforementioned
information [6]. It also provides the list of common search spaces and optionally, the
configuration of a common CORESET that can be used for any common or UE-specific search
space, which is contained in the bandwidth of CORESET 0.

4
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PDCCH OVERBOOKING

The UE is capable of monitoring, i.e., performing blind decoding, only a limited number of
PDCCH candidates. The number of PDCCH candidates that a UE is capable of monitoring in
a serving cell in a given slot is specified in the 3GPP Rel. 16 standard and is dependent on the
numerology of the serving cell. However, the gNB is allowed to configure or schedule more
PDCCH candidates than the UE is able to monitor/decode, i.e., the gNB is allowed to overbook
PDCCH(s) for the UE, so that the full capability of the UE can be utilised.

The UE capability in monitoring PDCCH candidates can be provided to the gNB in two different
types:

- Type 1: The UE can monitor up to Mppca;; PDCCH candidates in a slot in a given cell with
numerology . The UE may also perform channel estimations of up to Cper; CCEs in a

slot in a given cell with numerology . These values are fixed in the specifications (Table
10.1-2 and Table 10.1-3 in [3]).

- Type 2: The UE can monitor up to Mpes™*"* PDCCH candidates in a slot in a given cell

with numerology ¢ and span pattern (X, Y). The UE may also perform channel estimations

of up to CRX XY CCEs in a slot in a given cell with numerology ¢ and span pattern (X, Y).

These values are provided in the specifications (Table 10.1-2A and Table 10.1-3A in [3]).
A span pattern (X,Y) means that at least two PDCCH occasions in a slot may occur with
the first symbol of each occasion separated by at least X symbols and each occasion spans

Y consecutive symbols.

The type 2 based UE monitoring capability may be assumed by the gNB when the UE reports

that it has the capability to monitor a certain span pattern.

In 3GPP Rel. 15, each UE has a capability of monitoring Noob . If Noh < N3P are configured

cells” cells

to the UE, MRk or BV K candidates can be monitored and channel estimation for up

to CIA%K or (R CCES can be performed by the UE in N25# with numerology u. If not,

the UE is not required to monitor more than |Nah, - Mpmeds, - Negit/ $3_o Now¥ | PDCCH

candidates and the UE is not required to estimate the channel for more than

cap max, i DL,p 3 DL,u | : DL,u .,
lNcells ’ CPDCCH : Ncells /Z]'=0 Ncells J in the Ncells with numerology 4.
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In 3GPP Rel. 16, PDCCH monitoring was enhanced to employ multi-TRP transmissions

wherein PDCCHs from multiple TRPs may be received and each CORESET is associated with

a specific TRP. The following enhancements were introduced:

The UE is configured with NC%IS_O cells, wherein PDCCHs in the respective cells are
received on CORESETS in the cell that are not configured with CORESETpoolindex values
or the CORESETS are configured only with CORESETpoollndex value O (single-TRP cells
may have no CORESETpoollndex values configured or may be configured only with
CORESETpoolindex 0) and the UE is configured with N2y, , cells, wherein PDCCHs in the
respective cells are received on CORESETS in the cell configured with two different values
of CORESETpoolindex - 0 or 1 (multi-TRP cells may have CORESETs configured with
CORESETpoolindex values 0 or 1).

A parameter R (or y) has been introduced. The number of PDCCH candidates from the
UEs capability that are monitored in cells configured with CORESETSs associated with more
than one CORESETpoolindex value (i.e., multi-TRP cells) during overbooking is increased
by a factor of y compared to the cells configured with CORESETSs associated with only one
CORESETpoolindex value or not associated with any CORESETpoolindex value (i.e.,
single-TRP cell) (the value for y is either higher layer configured or a default value is

provided [3], and the UE may report its capability for the value of y), i.e.,

- when ¥3_, (Nc;Delﬁ:o +y- Ni',‘,’&) < N, the UE is not required to monitor more

than Mppcd;; PDCCH candidates and to perform channel estimation for more than

Conedsy CCEs in Noji¥ ) single TRP cells with numerology 4; and the UE is not
required to monitor more than yMpyccy; PDCCH candidates and to perform channel

estimation for more than yCpiedy; CCEs in Noji¥, multi-TRP cells with numerology

W

- when ¥3_, (N(?e'ﬁ’s‘fo +y- chlﬁ’sﬁ) > N, the UE is not required to monitor more

than [Nk - Mpgasitt - (Nagt + v - Nats )/ 2320 (Nowdo +v - Nowl )] PDCCH

cells cells,0 cells,1 cells,0 cells,1

candidates in Ngﬁ’s”o + Ngﬁ’s“1 cells and to perform channel estimation for more than
cap max,slot,u DL,u . nDLu 3 DL,j . nyDLJj .
lNceIIs “Cppcen (Ncells,O Ty Ncells,1)/21'=0 (Ncells,D Ty Ncells,1)J CCEs in

DL,u DL,u
Ncells,o + Ncells,1 cells.

In the case of overbooking, the aforementioned number of PDCCH candidates are monitored

as follows:

Common search space sets are monitored first.

6
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- User-specific search space sets are then monitored and priority to a USS is given

according to its search space ID — the lower the search space ID, the higher the priority.

The total number of the search space sets (CSS and USS sets combined) monitored according
to the above steps in case of overbooking of PDCCH candidates is less than or equal to the

aforementioned UE capability [3].

DOWNLINK TRANSMISSION CONFIGURATION INDICATION

As previously described, the PDCCH and the PDSCH carry the DL control information and DL
data, respectively, to a UE [1-6].

Demodulation reference signals (DMRS) are embedded for the coherent demodulation of the
PDCCH/PDSCH at the UE. The DMRS consists of a set of DMRS ports. The number of DMRS
ports determines the number of transmission layers contained in a PDSCH. DMRS is used for
channel estimation at the UE to coherently demodulate the PDSCH or PDCCH(s). In the case
of PDCCH, one or more of them may be transmitted on a CORESET. Therefore, the DMRS
for the coherent demodulation of the PDCCHY(s) on the CORESET may be embedded across
the PDCCH(s) transmitted on the CORESET.

A parameter in the transmission of the PDCCH and the PDSCH is the ‘Transmission
Configuration Indication’- state (TCl-state) [4]. In 3GPP Rel. 16, the indication of how the
control or the shared channel is transmitted by the gNB and what assumptions the UE must
consider while receiving them, is done via reference signals (RSs). The indication to the UE is
performed using a TCl-state information element (IE) configured via RRC, as illustrated in
Figure 4. A TCl-state IE, among others, consists of the following elements:

- One of more reference signal(s), and

- for each reference signal, one or more quasi-colocation (QCL) assumptions.
The TCl-state is used to mention how to receive a PDSCH or the PDCCHY(s) transmitted on a
CORESET. Applying a TCl-state to a PDSCH or CORESET implies that the DMRS ports of
the PDSCH or the DMRS ports of the PDCCH(s), transmitted on the CORESET, shall be

assumed to be quasi-co-located with the reference signals mentioned in the TCl-state.

For any channel or signal, assuming ‘quasi-colocation’ with respect to a specific reference
signal or resource or any other channel means that one or more of the following channel
parameters may be derived from or assumed to be the same as that of said RS or resource or

channel: Doppler shift, Doppler spread, average delay, delay spread, spatial Rx parameter.
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Depending on the set of parameters to be obtained or derived from the associated RS or

resource or channel, a QCL type may be associated with said RS or resource or channel.

Assuming ‘quasi-colocation’ means that certain channel parameters such as Doppler
shift/spread, delay spread, average delay and/or Tx beam direction are assumed to be the
same for the RS mentioned in the TCl-state and the DMRS ports of the PDSCH, or the DMRS
ports of the PDCCHY(s) transmitted on the CORESET. Four different QCL types can be
indicated in 3GPP Rel. 16 [4].

- 'QCL-TypeA' {Doppler shift, Doppler spread, average delay, delay spread}

- 'QCL-TypeB': {Doppler shift, Doppler spread}

- 'QCL-TypeC": {Doppler shift, average delay}

- 'QCL-TypeD'" {Spatial Rx parameter}
One or more of the QCL-Info parameter(s) is/are included in the TCl-state IE to provide the

QCL assumption(s) associated with the TCl-state.

For example, a TCl-state IE comprising a DL reference signal (RS) ‘A’ with QCL assumption
‘QCL-typeA’ and a DL RS ‘B’ with QCL-assumption ‘QCL-TypeD’ is considered. Applying this
TCl-state to a PDSCH or CORESET with the given quasi-colocation assumptions means that
the UE may assume the same Doppler shift, Doppler spread, average delay and delay spread
for the PDSCH or the PDCCH(s) transmitted on the CORESET and DL RS A, and the UE may
use the same spatial filter to receive the DL RS ‘B’ and the PDSCH or the PDCCH(s)
transmitted on the CORESET, or the Rx spatial filter to receive the PDCCH(s) on the
CORESET or the PDSCH may be obtained from or be similar to that used for the reception of
the DL RS ‘B’.

Usually, the TCI state that is used to schedule a PDCCH or a PDSCH contains the identifiers
(IDs) of channel state information reference signals (CSI-RS) or synchronization signal blocks
(SSB) along with the QCL assumptions for the reference signal. The RS in the TCl-state is
usually a RS that the UE has measured before, so that it can use it as a reference to receive
the DMRS of the PDCCH or PDSCH, and hence demodulate the same. The indication of a
TCl-state for a CORESET or a PDSCH is performed via MAC-CE messages or using the TCI-

indication field in the downlink control information (DCI) used to schedule the PDSCH.

In FR2, where the gNB and UE establish a connection via spatially selective/directive beams,
the TCl-state is used to indicate the Rx beams in which the UE may receive, i.e., the spatial
filter that may be used by the UE to receive a PDSCH/PDCCH(s) via a ‘qcl-TypeD’ assumption
with a CSI-RS or an SSB that the UE has received. The determination of the DL Tx beam to

8
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transmit PDCCH(s)/PDSCH is performed via a beam sweeping procedure by the network node
(e.g., the gNB). In a beam sweeping procedure, the gNB configures a set of DL RSs (CSI-RS
or SSB) via RRC for the UE to measure the set of DL RSs. Each of the configured DL RS may
be transmitted with a different spatial filter, i.e., each of the configured DL RS may be
transmitted in a different direction by the gNB. The UE measures each of the configured DL
RS by receiving them using one or more spatial filters — the RSs may all be received with the
same spatial filter or a different spatial filter may be used to receive each RS. Following the
measurements, the UE sends a beam report to the gNB. The beam report comprises the
indices of 1 < L < 4 configured DL RSs (essentially, L DL Tx beam directions, with each beam
direction resulting from the use of a specific spatial filter at the gNB) along with the received
power in each of the RSs [4]. With the help of the beam report, the gNB determines one or
more suitable DL Tx beam direction(s), i.e., spatial filter(s) for the transmission of the
PDCCH(s) and the PDSCH.

In the following, the improvement of reliability/robustness and the performance of PDCCH in

5G networks is discussed in accordance with the embodiments herein.

SUMMARY

Itis an objective of the embodiments herein to provide methods and apparatuses for enhancing

the reliability and the performance of PDCCH transmissions in 5G advanced networks.

According to an aspect of some embodiments herein, there is provided a method performed
by a UE, the method comprising: receiving from a network node (or gNB), via a higher layer,
a configuration of one or more search space sets which are associated with one or more control
resource sets (CORESETS), for one or more PDCCHY(s), wherein each search space set
comprises a number of PDCCH candidates and each PDCCH candidate comprises or is made
up of a number of resource elements, also called (CCEs), and the UE monitors for one or more
DCls of a specific format or formats as indicated via a higher layer in the configured PDCCH
candidates; wherein a configuration or indication of an association of one or more said search
space sets with a search space set pool is provided to the UE, wherein at least two PDCCH
candidates from one or more search space sets in the search space set pool are associated
with the same DCI content; or an association of two or more TClI states with a single CORESET
is obtained from the network node via a PHY-layer indication, a MAC-CE message, or via a
higher layer indication; and applying the configuration(s) or indication(s) of the association for
receiving one or more PDCCH(s) on the search space sets. The configuration or indication

that provides the association of one or more said search space sets with a search space set

9
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pool may be signaled to the UE via a higher layer from the network node (or gNB) or it is a

priori known to the UE, for example., it is fixed in the specification.

It is also proposed that the PDCCH candidates may be a given slot, or in a given span in a
cell, wherein a group g of PDCCH candidates comprises p, > 1 PDCCH candidates which are
associated with the same DCI content. It is proposed that in this case a number of blind
decoding attempts counted for group g in the given slot, or in the given span in the cell, may
be performed wherein the number of blind decoding attempts is one of the following:

- one blind decoding attempt,

- anumber s, of blind decoding attempts, wherein s, is less or equal to the number of

PDCCH candidates in said group g.

It is proposed that one of the following may be reported to the network node:
- anumber of monitored PDCCH candidates and/or a number of monitored CCEs and/or
a number of blind decoding attempts with respect to a group of PDCCH candidates that
are associated with the same DCI content;
- an index or a parameter that indicates a number of monitored PDCCH candidates
and/or a number of monitored CCEs and/or a number of blind decoding attempts with
respect to a group of PDCCH candidates that are associated with the same DCI

content.

Another proposed aspect of the invention teaches that if two or more search space sets are

present in a search space set pool:

- the i-th PDCCH candidates or the PDCCH candidates with index i with aggregation level
L of the at least two search space sets in the search space set pool are associated with
the same DCI content, or

- the PDCCH candidates from the at least two search space sets in the search space set
pool with at least the same value for the index of the first CCE are associated with the

same DCI content.

According to another aspect of the invention, it is proposed that a PUCCH resource for the

uplink control information is determined from a DCI or DCI content associated with multiple

PDCCH candidates, using at least one of the following values:

- the value indicated in the PUCCH resource indicator (PRI) field in the DCI, and/or

- the number of CCEs from at least one CORESET associated with one or more of the
PDCCH candidate(s), and/or

- the index of the first CCE from at least one of the PDCCH candidates.

10
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According to another aspect of embodiments herein, there is provided a UE comprising a
processor and a memory containing instructions executable by the processor, whereby said
UE is operative or configured to perform any one of the embodiments presented in the detailed

description related to the actions performed by the UE.

According to an aspect of some embodiments herein, there is provided a method performed
by a network node or gNB, the method comprising: transmitting to a UE, via a higher layer, a
configuration of one or more search space sets which are associated with one or more
CORESETSs, for one or more PDCCH(s), wherein each search space set comprises a number
of PDCCH candidates and each PDCCH candidate comprises or is made up a number of
CCEs, for enabling the UE to monitor one or more DClIs of a specific format or formats as
indicated via a higher layer in the configured PDCCH candidates; wherein a configuration or
an indication of an association of one or more said search space sets with a search space set
pool is provided to the UE, wherein at least two PDCCH candidates from one or more search
space sets in the search space set pool are associated with the same DCI content; or an
association of two or more TCI states with a single COREST is provided by the network node
to the UE via a PHY-layer indication, a MAC-CE message, or via a higher layer indication. The
configuration or indication that provides the association of one or more said search space sets
with a search space set pool may be signaled to the UE via a higher layer from the network
node (or gNB) or it is a priori known to the UE, for e.g., it is fixed in the specification. The search
space set pool signaled via higher layer may be performed using a for example a higher layer
configuration of the SS sets, a listing via a new higher layer information element (IE), MAC-CE

signalling, etc. As another example, a higher layer signaling may be performed via RRC.

It is proposed that, if the PDCCH candidates are configured in a given slot, or in a given span
in a cell, and if a group g of PDCCH candidates comprises p, > 1 PDCCH candidates which
are associated with the same DCI content, then a number of blind decoding attempts counted
for group g in the given slot, or in the given span in the cell, may have been performed, and
the number of blind decoding attempts may be one of the following:

- one blind decoding attempt,

- anumber s, of blind decoding attempts, wherein s is less or equal to twice the number

of PDCCH candidates in said group g.

In this case, it is proposed that one of the following is received from the UE:
- anumber of monitored PDCCH candidates and/or a number of monitored CCEs and/or
a number of blind decoding attempts with respect to a group of PDCCH candidates that

are associated with the same DCI content;

11
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- an index or a parameter that indicates a number of monitored PDCCH candidates
and/or a number of monitored CCEs and/or a number of blind decoding attempts with
respect to a group of PDCCH candidates that are associated with the same DCI

content.

It is then proposed that if two or more search space sets are present in a search space set

pool, then:

- the i-th PDCCH candidates or the PDCCH candidates with index i with aggregation level
L of the at least two search space sets in the search space set pool are associated with
the same DCI content, or

- the PDCCH candidates from the at least two search space sets in the search space set
pool with at least the same value for the index of the first CCE are associated with the

same DCI content.

According to another aspect of the invention, it is proposed that the method comprises

receiving a PUCCH resource for the uplink control information determined from a DCI or DCI

content associated with multiple PDCCH candidates, using at least one of the following values:

- the value indicated in the PUCCH resource indicator (PRI) field in the DCI, and/or

- the number of CCEs from at least one CORESET associated with one or more of the
PDCCH candidate(s), and/or

- the index of the first CCE from at least one of the PDCCH candidates.

According to another aspect of embodiments herein, there is provided a network node
comprising a processor and a memory containing instructions executable by the processor,
whereby said network node is operative or is configured to perform any one of the
embodiments presented in the detailed description related to the actions performed by the

network node.

There is also provided a computer program comprising instructions which when executed on
at least one processor of the UE, cause the at least said one processor to carry out the actions

or method steps presented herein.

There is also provided a computer program comprising instructions which when executed on
at least one processor of the network node, cause the at least said one processor to carry out

the method steps presented herein.

A carrier is also provided containing the computer program, wherein the carrier is one of a

12
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computer readable storage medium; an electronic signal, optical signal or a radio signal.

An advantage of embodiments herein is to enhance the reliability, robustness and/or the
performance of the PDCCH. Another advantage is to improve the reliability of the DCI

decoding.

Additional advantages of the embodiments herein are provided in the detailed description of

this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts a higher layer configuration of a CORESET (state of the art (SoTA)

Figure 2 illustrates a higher layer configuration of a search space set (SoTA)

Figure 3 shows a master information block (MIB) provided to the UE via the RRC (SoTA)

Figure 4 illustrates the RRC configuration of the TCl-state information element (SoTA)

Figure 5 depicts a new higher layer configuration of a search space set comprising a search
space set pool index according to some embodiments

Figure 6 illustrates a new higher layer configuration of a search spate set pool information
element comprising a list of search space set IDs, according to an embodiment

Figure 7 depicts an example association of multiple PDCCH candidates from different search
space sets in a search space set pool associated with the same DCI content,
according to an exemplary embodiment

Figure 8 illustrates a flowchart of a method performed by a UE according to some
embodiments

Figure 9 illustrates a flowchart of a method performed by a network node according to some
embodiments

Figure 10 illustrates a block diagram depicting a UE according to some embodiments herein.

Figure 11 illustrates a block diagram depicting a network node according to some

embodiments herein

DETAILED DESCRIPTION

In the following, a detailed description of the exemplary embodiments is described in
conjunction with the drawings, in several scenarios to enable easier understanding of the

solution(s) described herein.

As previously mentioned, there is provided methods and apparatuses in the form of a UE and

a gNB respectively, for enhancing the reliability and/or robustness and performance of the
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PDCCH for a 5G based advanced network. In the following, a detailed description of the
embodiments is presented for fully understanding the advantages provided by the present

invention.

Association of multiple search space sets with a search space set pool

According to an embodiment, a method performed by the UE comprises: receiving, from a
network node (or gNB) via a higher layer, a configuration or an indication of one or more search
space sets which are associated with one or more CORESETSs for one or more PDCCH(s),
wherein each search space set comprises a number of PDCCH candidates and each PDCCH
candidate comprises a number of resource elements, denoted control channel elements or
CCEs; the UE monitoring for DCI(s) having specific format(s) as indicated via a higher layer in
the configured PDCCH candidates, wherein a configuration or an indication of an association
of one or more search space set(s) with a search space set pool is provided to the UE and
wherein at least two PDCCH candidates from one or more search space sets in the search
space set pool are associated with the same DCI content. The method further comprises,
applying the configuration(s) or indication(s) for receiving one or more PDCCH(s) on the search

space set(s).

The UE is thus provided with a configuration or indication that provides an association of one
or more search space set(s) with a search space set pool. According to an embodiment, the
UE is configured to receive the configuration or indication that provides an association of one
or more search space sets with a search space set pool via a higher layer from the gNB or any
other network node. According to another embodiment, the configuration that provides an
association of one or more search space sets with a search space set pool is a priori known

by the UE (e.g,, it is fixed in the specification).

In the above method, the term ‘monitoring’ means that the UE searches for valid DCI(s)
according to the DCI format(s) indicated via a higher layer during the decoding process to
obtain the DCI(s) from the said PDCCH candidate(s).

The UE expects that at least two PDCCH candidates monitored by the UE on the one or more
search space (SS) sets in the same search space set pool are associated with the same DCI

content.

In an embodiment, there may be multiple sets or groups of PDCCH candidates wherein each

set or group comprises PDCCH candidates from one or more search space sets in the search
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space set pool, wherein the PDCCHs transmitted on all the PDCCH candidates in the set or
group are associated with the same DCI content. In another embodiment, there is only a single
group containing all PDCCH candidates from one or more search space sets in the search
space set pool, wherein the PDCCHs transmitted on all the PDCCH candidates in the group
are associated with the same DCI content. This means that the UE may combine and/or
process together multiple PDCCHs received on different PDCCH candidates when decoding

the DCI to increase the reliability or any other performance metric of the PDCCH.

The higher layer indication or configuration that provides an association of one or more search

space sets with a search space set pool may be realized by one of the following options:

Option 1: The higher layer configuration of a search space set comprises a new higher layer
parameter, titled, for example, as: ‘SearchSpaceSetPoollndex’ or
‘SearchSpaceSetGroupindex’. The parameter comprises a value that may be used as an
identifier (ID) or an index or an indicator of a search space set pool. The search space sets
associated with the same value for the parameter ‘SearchSpaceSetPoolindex’ or

‘SearchSpaceSetGroupindex’ may be considered to form a search space set pool.

Figure 5 shows an example of the higher layer configuration of a search space set comprising
the new higher layer parameter ‘SearchSpaceSetPoolindex’. It should be noted that the
identifier for a search space set pool may be called a search space set pool index or search

space set pool indicator or search space set pool identifier (ID).

Option 2: A new higher layer information element is defined that comprises a list of identifiers
(IDs) or indices or indicators of search space sets that belong to the same search space set
pool. Figure 6 shows exemplary such a higher layer information element. The information

element may comprise an index or indicator that identifies the search space set pool.

Option 3: A medium access control — control element (MAC-CE) message is provided to the
UE that performs the association of multiple search space sets to a search space set pool. The
MAC-CE message is obtained via the medium access control (MAC) layer. The MAC-CE
message comprises one or more octets with a predetermined set of fields (e.g., fixed and
known from the specification) for the UE. For example, the UE may receive the MAC-CE
message from the gNB or any other network node for the indication of the search space set
pool that comprises at least the following fields: a list of search space set IDs, and optionally

a search space set pool index or indicator or identifier, ID.
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It should be noted that the term ‘DCI content’ in this disclosure denotes the content of a single
downlink control information of a certain format. In addition, the indication of PDCCH
candidates associated with the same/single DCI content or PDCCH candidates associated
with a DCI content, in this disclosure, may mean one of the following:

- All the associated PDCCH candidates are associated with a single DCI of a particular
format and a particular stream of bits.

- Each PDCCH candidate may be associated with a DCI of a particular format, wherein all
the DCIs have the same functionality, i.e., all the DCls may schedule the same PDSCH,
PUSCH, sidelink, provide the same slot format indication, transmit power control
command(s) or availability of soft resources, etc. The information carried by each DCI can
be in part different with respect to at least one other DCI. In one example, the TCl-state
settings indicated by the DCI may be different for the DCIs that schedule the same PDSCH
or PUSCH. In another example, the parameters associated with the time domain resource
assignment (e.g., slot offset, symbol starting index and PDSCH/PUSCH length) in the DCls
for scheduling the PDSCH or PUSCH may be different. For instance, depending on the

slot in which the DCI is transmitted, the slot offset value in the DCIs may be different.

The content of the DCI(s) is processed, modulated and mapped to one or more CCEs.

In this disclosure, the transmit-processing of a DCI denotes the performing of at least one of
the following operations on the DCI content according to a certain format: zero padding, CRC
attachment, encoding using an error control coding method, interleaving, rate-matching and

modulation.

The phrase ‘PDCCH candidate(s) associated with a DCI content’, in this disclosure, may imply
that the one or more CCEs of an associated PDCCH candidate may comprise either only a

part of said transmit-processed DCI or the whole of said transmit-processed DCI.

It may be further noted that the term ‘search space set pool’ is used herein to indicate a pool
of PDCCH candidates which are provided in one or more search space sets, wherein one or
more groups of PDCCH candidate(s) from one or more search space sets may exist, and each
group comprises one or more PDCCH candidates, and wherein the PDCCH candidate(s) in
each group are associated with the same DCI content. The monitored symbol(s) or slot(s) of
one of the search space sets associated with said PDCCH candidate(s) may be different from
the symbol(s) or slot(s) of another search space set associated with said PDCCH candidate(s).
For example, the PDCCH candidates associated with the same DCI content may be

associated with the same slot or different slots, i.e., the PDCCH candidates can be multiplexed
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within a slot (intra-slot time-division multiplexed) or across slots (inter-slot time-division
multiplexed). The term ‘search space set pool’ may be interchangeably used with other terms

such as ‘search space set group’ or ‘search space set association’.

In accordance with some embodiments, the UE is configured with an association of one or
more search space sets with a search space set pool, wherein M > 1 sets of PDCCH
candidates may exist, with the m-th set (m = 1,2, ..., M) comprising K,,, > 1 PDCCH candidates
that are monitored on S, > 1 search space sets in the search space set pool, and wherein all
the K,,, PDCCH candidates in the m-th set are associated with the same DCI content. The
PDCCHs transmitted on the K,,, PDCCH candidates that are associated with the same DCI
content can be combined or processed together by the UE to decode the DCI from multiple
PDCCHs. An example of the association of a single DCI with multiple PDCCH candidates from
a search space set pool is provided in Figure 7. As shown, multiple PDCCH candidates
(marked boxes) from a SS set pool (and possibly different aggregation levels (AL)) are

associated with the same DCI content.

In accordance with an embodiment, the UE is configured to receive an indication of the above
M = 1 sets of PDCCH candidates via a higher layer, wherein the PDCCH candidates of each

set are associated with the same DCI content.

In accordance with another embodiment, the configuration of the above M > 1 sets of PDCCH
candidates is known to the UE (e.g, it is fixed in specification), or it is determined and reported

by the UE to the gNB or any other network node.

Two different methods are herein presented for the transmission of a DCI, by the network node,

using multiple PDCCH candidates:

1) Transmission method 1: The DCI is transmit-processed, and the modulated symbols are
mapped to a number of CCEs. The CCEs are mapped to a number of PDCCH candidates.
This means each PDCCH candidate is associated with a part of the DCI. The CCEs
comprising different parts of the DCI are collected by the UE from multiple PDCCH

candidates associated with the DCI to decode the DCI.

2) Transmission method 2: A number of CCEs is associated with multiple DCIs and each DCI
is mapped to the CCEs of a PDCCH candidate, wherein all DCls are associated with the
same content, i.e., all DCls have the same format and stream of bits, or they all have the
same functionality, while the format and/or stream of bits for at least one DCI can be

different with respect to one other DCI. The transmit-processing of the DCls may or may
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not be identical for the different PDCCH candidates. This transmission method, essentially,
repeats the DCI content in each PDCCH candidate with identical or non-identical transmit
processing. All PDCCH candidates are associated with the same DCI content, i.e., the DCI
may be obtained by the UE by decoding the CCEs from at least one of said PDCCH
candidates. The UE may select and decode one or more of the PDCCH candidates to
obtain the DCI, or combine and/or perform joint processing of the CCEs obtained from two
or more PDCCH candidates associated with the DCI to improve the reliability of the DCI

decoding.

Transmission method 1 is hence a diversity-based PDCCH transmission scheme and the

transmission method 2 is a reliability-based transmission scheme. Both schemes aim at

improving the decoding performance of the PDCCH.

The following two different schemes of transmission may be possible resulting in different

combining methods at the UE when the DCI content is repeated according to the second

method above on multiple PDCCHs received by the UE:

@

(ii)

Scheme 1: The PDCCH candidates of the search space sets in the search space set
pool that are associated with the same DCI content may comprise the same numbers of
control channel elements (CCEs), i.e., they are associated with the same aggregation
level. The transmit-processing of the DCls is identical or at least the length of the rate
matched outputs is identical on all the received PDCCHs, i.e., the sets of bits provided
after rate-matching to be mapped to each PDCCH candidate is identical by employing
identical transmit-processing or at least an identical number of bits are available to be
mapped to each PDCCH candidate as all the associated PDCCH candidates comprise
identical number of CCEs. When the transmit-processing of the DCIs on all the received
PDCCHs is identical, the UE may combine the received PDCCHs (after equalization)
monitored on the PDCCH candidates associated with the same DCI content, and then
decode the DCI based on the combined PDCCHs. In another case, the UE may perform
joint processing and decoding of the received PDCCHs to decode the DCI. In a third
case, the UE may select to process and decode one or more of the received PDCCHs
to obtain the DCI. For e.g.,, the UE may attempt decoding the PDCCH candidates
associated with the DCI one by one until the DCI is successfully decoded. In another
example, the UE may choose one among the associated PDCCH candidates and

attempt to decode it to obtain the DCI.

Scheme 2: The PDCCH candidates of the search space sets in the search space set

pool that are associated with the same DCI content may comprise different numbers of
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control channel elements (CCEs), i.e., they are associated with different aggregation
levels. The transmit-processing of the DCls on the received PDCCHs may then not be
identical. The UE may jointly process the received PDCCHs monitored on the PDCCH
candidates associated with the same DCI content during the decoding operation of the
DCI. In another case, the UE may select to process and decode one or more of the
received PDCCHs to obtain the DCI. For e.g., the UE may attempt decoding the PDCCH
candidates associated with the DCI one by one until the DCI is successfully decoded. In
another example, the UE may choose one among the associated PDCCH candidates

and attempt to decode it to obtain the DCI.

In accordance with some embodiments, the UE is configured to receive an indication from the
gNB or any other network node via a higher layer that indicates whether the PDCCHs received
by the UE on PDCCH candidates in search space sets associated with the same search set
pool that are associated with the same DCI content comprises a part of the transmit processed
DCI in each PDCCH, or the PDCCHs received by the UE on PDCCH candidates in search
space sets associated with the same search set pool are associated with the same DCI
content, comprise the whole of the transmit-processed DCI content in each PDCCH. This
means in the first method, the CCEs covering a single DCI are distributed over the PDCCH
candidates, i.e., each PDCCH candidate comprises a part of the DCI. Therefore, the CCEs

from more than one PDCCH are required to decode the DCI.

In the second method, a number of CCEs is associated with multiple DCls, wherein all DCIs
carry the same content. The CCEs are mapped to a number of PDCCH candidates, and each
PDCCH candidate is associated with a DCI. The UE may selectively process one or more
individual PDCCH candidate(s) or may combine and/or perform joint processing of multiple
received PDCCHs to improve the decoding reliability. The PDCCH candidates in the second
method may have identical or non-identical aggregation levels and the transmit processing of
the DCI content before being mapped to the PDCCH candidates may be identical or non-

identical.

The association of the first or second method with a search space set pool may be performed
via a higher layer signaling or a MAC-CE message. The MAC-CE message, for example, may
comprise at least the following fields: a search space set pool ID, and a field to indicate the
transmission method. In another example, the method may be generally indicated for all

configured search space set pools via a higher layer.
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The indication of the PDCCH candidates of the different search space sets in the same pool
that are associated with the same DCI content may be either configured by the gNB or any
other network node, or the association of PDCCH candidates from the different search space
sets in the pool with the same DCI content may be provided in the specifications (i.e., it is a

priori known to the UE).

Examples for the association of the PDCCH candidates in a search space set pool are provided

in the following.

Association of PDCCH candidates in the search space set pool with identical
aggregation level

A first method for the association of PDCCH candidates from one or more search space sets
in the search space set pool is based on the aggregation level of the PDCCH(s). When
transmitting the same DCI content via multiple PDCCHs such as in scheme 1 of transmission

method 2, for example, the aggregation level of all the PDCCHs may be identical.

In accordance with an embodiment, the UE is configured with an association of one or more
search space sets with a search space set pool, wherein M > 1 sets of PDCCH candidates
may exist, with the m-th set (im = 1,2, ..., M) comprising K,, > 1 PDCCH candidates that are
monitored on §,,, > 1 search space sets in the search space set pool, and wherein all the K,,
PDCCH candidates in the m-th set are associated with the same aggregation level and with

the same DCI content.

Depending on the transmission method used, the UE may perform appropriate processing
(e.g., combining, joint processing or collective decoding of the CCEs) of the PDCCHs received
on said PDCCH candidates to achieve a higher reliability or to improve any other performance

metric of the PDCCH transmission.

An example association using this method would be as follows: the i-th PDCCH candidates of
aggregation level L (if this aggregation level is configured) of the at least two search space
sets in the search space set pool are associated with the same DCI content. The
correspondence among the PDCCH candidates in search space sets in the same pool may
apply only when for a PDCCH candidate in one search space set a corresponding PDCCH
candidate exists in another search space set. The PDCCH candidates that correspond to each

other are associated with the same DCI content.
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Note: The value i, when stating ‘i-th PDCCH candidate’ may also be considered as the index
of the PDCCH candidate. There may be two different methods of indexing the PDCCH
candidates. The index i may be associated with a specific aggregation level in a search space
set, i.e., the ordering of the PDCCH candidates with respect to an index may be performed for
a given aggregation level in a search space set. For e.g., consider a SS set comprising 4
PDCCH candidates with aggregation level L, and 4 PDCCH candidates with aggregation level
L,. To uniquely identify a PDCCH candidate in the search space set, the index of the PDCCH
candidate, say i; and its aggregation level must be mentioned to identify it in the search space
set. If just the PDCCH candidate index is given, say i; = 1, it may denote the 1t PDCCH
candidate of aggregation level L, or L,. Therefore, identifying a PDCCH candidate requires
the indication of the aggregation level as well. In another method of indexing, all the PDCCH
candidates in the SS set may be collectively indexed. For e.g., consider a SS set with 4 PDCCH
candidates with aggregation level L, and 4 PDCCH candidates with aggregation level L.
Indices 1-4 may denote the four PDCCH candidates with aggregation level L, and indices 5-8
may denote the four PDCCH candidates with aggregation level L,. It should also be noted that

in either of the indexing methods, the indexing can also start from O instead of 1.

As an example, consider two search space sets s; and s; which are associated with the same

search space set pool. Let the search space set s; comprise two PDCCH candidates of

aggregation level 2 and two PDCCH candidates of aggregation level 4. Furthermore, let the

search space set s; comprise four PDCCH candidates of aggregation level 2 and four PDCCH

candidates of aggregation level 4. The following pairs of PDCCH candidates are associated

with the same DCI content according to this example:

- The 18t PDCCH candidate in search space set s; of aggregation level 2 and the 15t PDCCH
candidate in search space set s; with aggregation level 2.

- The 2™ PDCCH candidate in search space set s; with aggregation level 2 and the 2™
PDCCH candidate in search space set s; with aggregation level 2.

- The 1% PDCCH candidate in search space set s; with aggregation level 4 and the 1%t
PDCCH candidate in search space set s; with aggregation level 4.

- The 2™ PDCCH candidate in search space set s; with aggregation level 4 and the 2™

PDCCH candidate in search space set s; with aggregation level 4.

The remaining PDCCH candidates in search space set s; (i.e., the two PDCCH candidates left
out for aggregation levels 2 and 4) do not have corresponding PDCCH candidates in search
space set s;. This association among the PDCCH candidates with the same DCI content is

either configured or indicated via a higher layer, or explicitly known by specification.
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Note that the correspondence between the PDCCH candidates among search space sets in
the same pool only applies when for a PDCCH candidate in one search space set a

corresponding PDCCH candidate exists in another search space set.

In another example, consider two search space sets s; and s; which are associated with the

same search space set pool. Let the search space set s; be configured with two PDCCH

candidates each with aggregation level 1, 2 and 4, and let the search space set s; be configured

with four PDCCH candidates each with aggregation level 2 and 4. The following pairs of

PDCCH candidates are associated with the same DCI content in this example:

- The 18t PDCCH candidate in search space set s; of aggregation level 2 and the 15t PDCCH
candidate in search space set s; of aggregation level 2.

- The 2™ PDCCH candidate in search space set s; of aggregation level 2 and the 2" PDCCH
candidate in search space set s; of aggregation level 2.

- The 18t PDCCH candidate in search space set s; of aggregation level 4 and the 1t PDCCH
candidate in search space set s; of aggregation level 4.

- The 2™ PDCCH candidate in search space set s; of aggregation level 4 and the 2" PDCCH
candidate in search space set s; of aggregation level 4.

The remaining PDCCH candidates in search space set s; (the two PDCCH candidates each

left out for aggregation level values 2 and 4, i.e., the 3" and 4" PDCCH candidates for the

aggregation levels 2 and 4) and in the search space set s; (the two PDCCH candidates of

aggregation level value 1) do not have corresponding PDCCH candidates in the other search

space set. This association among the PDCCH candidates with the same DCI content is either

configured or indicated via a higher layer, or is explicitly known by specification.

If the same number of PDCCH candidates is provided for an aggregation level L in each of the
search space set in the search space set pool, then there may be a full correspondence

between PDCCH candidates in the search space sets in the same pool.

In yet another example, all the search space sets in the pool are configured with an identical
set of aggregation levels and an identical number of PDCCH candidates is provided for each
aggregation value. In this case, for any given PDCCH candidate in the search space set in the
pool there is a corresponding PDCCH candidate in all other search space sets in the pool

which is associated with the same DCI content.

Association of PDCCH candidates in search space sets with different aggregation levels
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In case of multi-TRP transmission, when the quality of the link between the UE and the TRPs
is highly variable, different code rates may be required for the PDCCH transmission from each
TRP. Therefore, the number of CCEs of the PDCCHs from the different TRPs (the aggregation
level) may vary. In such a case, an association among PDCCH candidates of different
aggregation levels of the search space sets in the same pool may be used as described in the

following.

In accordance with an embodiment, an ordering of the aggregation levels is performed in each
search space set in the search space set pool, either in ascending or descending order,
wherein the i-th PDCCH candidates of the I-th ordered aggregation level of two or more search
space sets in the search space set pool are associated with the same DCI content. Note again
that the correspondence between the PDCCH candidates among search space sets in the
pool with the same DCI content may apply only when for a PDCCH candidate in one search
space set a corresponding PDCCH candidate exists in another search space set. This method

may be applied for both transmission methods 1 and 2 previously described.

For example, consider two search space sets s; and s; associated with the same search space

set pool. Let the search space set s; be configured with two PDCCH candidates each with

aggregation level 1, 2 and 4, and let the search space set s; be configured with four PDCCH

candidates each with aggregation level 2 and 4. The aggregation levels may be ordered in

ascending order in all search space sets. Then, according to the above embodiment, the

PDCCH candidates of aggregation level 1 in set s; and the PDCCH candidates of aggregation

level 2 in set s; may be associated with the same DCI content. Similarly, the PDCCH

candidates of aggregation level 2 in set s; and the PDCCH candidates of aggregation level 4

in set s; are associated with the same DCI content. The following pairs of PDCCH candidates,

specifically, may be combined or processed together to obtain the associated common DCI

content:

- The 18t PDCCH candidate in search space set s; of aggregation level 1 and the 1t PDCCH
candidate in search space set s; of aggregation level 2

- 2™ PDCCH candidate in search space set s; with aggregation level 1 and the 2" PDCCH
candidate in search space set s; with aggregation level 2

- 18 PDCCH candidate in search space set s; with aggregation level 2 and the 15t PDCCH
candidate in search space set s; with aggregation level 4

- 2" PDCCH candidate in search space set s; with aggregation level 2 and the 2™ PDCCH

candidate in search space set s; with aggregation level 4
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The remaining PDCCH candidates in search space set s; (the two PDCCH candidates each
left out for aggregation level values 2 and 4 — the 3™ and 4" PDCCH candidates for the
aggregation values 2 and 4) and s; (the two PDCCH candidates with aggregation level value

4) do not have corresponding PDCCH candidates in search space set s;.

In multi-TRP scenarios, the search space sets may be associated with different CORESETS,
wherein each CORESET is configured with a different CORESE Tpoolindex value. The above
configuration of a search space set pool configuration may then be extended to the case of
multi-TRP transmission to facilitate multi-TRP PDCCH transmissions of the same DCI content.
In accordance with an embodiment, the UE is configured to receive a higher layer indication
or configuration that provides an association of one or more search space sets with a search
space set pool wherein each search space set is associated with a CORESET and each
CORESET is associated with a CORESETpoolindex and wherein at least two CORESETSs
associated with two different search space sets in the search space set pool are configured
with different values of the parameter CORESE Tpoolindex. When CORESETSs associated with
the search space sets in a search space set pool are configured with different
CORESETpoolindex values, the search space set(s) associated with the CORESETS can be
associated with different TRPs. This approach facilitates multi-TRP-based PDCCH

transmissions that increase the reliability or diversity of the DCI.

Methods for the association of PDCCH candidates from two or more search space
sets

The following embodiment provides methods for the association of the PDCCH candidates.

In accordance with an embodiment, the UE is configured with an association of two or more
search space sets §,,with the same search space set pool, wherein M > 1 sets of PDCCH
candidates may be present, with the m-th set (m = 1,2, ..., M) comprising K,, > 1 PDCCH
candidates that are monitored by the UE on the S, > 1 search space sets, and wherein all the
K,, PDCCH candidates in the m-th set are associated with the same DCI or DCI content. The
association of the PDCCH candidates from the different search space sets may be fixed in the
NR specifications or indicated to the UE by the gNB or any other network node. The association
of the PDCCH candidates may be performed based on at least one of the following:
- the PDCCH candidates from the different SS sets that are associated may have the same
PDCCH candidate index in the respective search space sets they belong to, and/or
- the PDCCH candidates from the different SS sets that are associated may have the same
index for the first CCE of the PDCCH candidate, and/or
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- the PDCCH candidate from the different SS sets that are associated may be explicitly
indicated via a higher layer configuration or indication to the UE.

An example of the association of PDCCH candidates using the PDCCH candidate index is as
follows: consider two search space sets s, and s, which are associated with the same search
space set pool. Let the search space set s, comprise a total of n, PDCCH candidates in all
aggregation levels and the search space set s, comprise a total of n, PDCCH candidates in
all aggregation levels, wherein n, may or may not be equal to n;,. Then, the PDCCH candidate
with index i or the i-th PDCCH candidate in the search space set s, is associated with the
same PDCCH candidate index i or the i-th PDCCH candidate in search space set s,. If a
PDCCH candidate with index i or an i-th PDCCH candidate is not present in one of the search
space sets, e.g., the value of i exceeds the PDCCH candidate index in the search space set
Sq, then there may not be an associated PDCCH candidate in the search space set s;,. The

associated PDCCH candidates may or may not have the same aggregation level.

An example of the association of PDCCH candidates using the index of the first CCE of the
PDCCH candidates is as follows: consider two search space sets s, and s, which are
associated with the same search space set pool. The search space set s, comprises two
PDCCH candidates. The search space set s, comprises also two PDCCH candidates. For
instance, the index of the first CCE for the two PDCCH candidates in SS set s, are 2 and 3,
and the index of the first CCE for the two PDCCH candidates in SS set s;, are 3 and 2. Then,
the first PDCCH candidate of SSE set s, is associated with the second PDCCH candidate of
SS set 55, and the second PDCCH candidate of SS set s, is associated with the first PDCCH
candidate of SS set s;,. Here again, the associated PDCCH candidates may or may not have

the same aggregation level.

In accordance with embodiments, the UE is configured to receive an association between two
or more different search space sets, wherein at least two PDCCH candidates from at least two
search space sets may be associated via a higher layer configuration or indication in one of
the following ways:

- A higher layer information element, configuration or indication (for e.g., RRC or MAC) that
comprises at least the indices of at least one set of PDCCH candidates from the two SS
sets that are associated or linked with each other

- A higher layer information element, configuration, or indication (for e.g., RRC or MAC) that
provides an indication for a specific association scheme between the PDCCH candidates

among the SS sets. In some examples, there are two schemes, wherein when the first
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scheme is indicated, then the PDCCH candidates with the same PDCCH candidate index
in the different SS sets are associated or linked with each other, and when the second
scheme is indicated then the PDCCH candidates, in the different SS sets, with the same

index of the first CCE are associated or linked with each other.

For all the methods described in this disclosure, the association of PDCCH candidates with
the same DCI content may mean that the transmission of multiple PDCCHs is performed in
the same set of symbols or at least within a certain restricted set of symbols. The reason for
such a restriction, for example, may be that a DCI may be intended for the scheduling of a
PDSCH or PUSCH. The DCI has to be decoded before the PUSCH transmission or the
PDSCH reception, and hence all the PDCCH candidates associated with the DCI should be
received at the same time or at least within a specific time duration to complete the decoding
of the DCI and carry out the instructions in the DCI. Similarly, the PDCCH candidates of the
search space sets belonging to the same search space set pool need to be monitored with the
same periodicity and offset as they comprise shared control information. Therefore, some
parameters including the aforementioned ones may have to be shared between the search
space sets in a search space set pool so that the same DCI(s) can be transmitted on said

search space sets.

In accordance with an embodiment, the UE is configured to receive, from the network node, a
higher layer indication or configuration that provides an association of one or more search
space sets with a search space set pool wherein the value of at least one of the following
parameters configured for a search space set in said pool is identical to the corresponding
parameter configured for another search space set within said search space set pool: search
space type, DCI format(s) to be monitored, monitoring slot periodicity and offset, search space
duration and the downlink bandwidth where the frequency domain resources of the associated
CORESET are configured.

Association of search space set(s) and CORESET(s) with TCl-state(s)

The association of one or more search space set(s) with a search space set pool as described
above may help to improve the reliability with which the PDCCH(s) on the search space(s) are
received by the UE. An extension of the feature would be to associate one or more search
space set(s) or CORESET(s) with different TCl-state(s). This may mean that the PDCCH(s)
received on the search space set(s) or CORESET(s) may be transmitted with various beam(s)

or from various TRP(s) or transmit panel(s) associated with one or more network node(s). The
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multiple receptions of the PDCCHY(s) provide an increased reliability when decoding the

PDCCH(s). This may be performed in multiple ways.

In accordance with an embodiment, the UE is configured to receive an association of one or
more TCl-state(s) with one or more search space set pool(s). The UE may be configured to
receive the indication of the association via a PHY-layer indication, a MAC-CE message (i.e.,
MAC-CE layer indication), or via a higher layer. In another alternative, the association may be
fixed and provided in the 3GPP NR specifications. After the UE has obtained the association
of one or more TCl-state(s) with a search space set pool, the UE may apply the QCL
assumption(s) provided in the TClI-state(s) during one or more monitoring occasions for the
reception of the PDCCHY(s) on the search space set(s) associated with the search space set
pool. In a special case, the UE may apply the QCL assumptions provided in the associated
TCl-state(s), one after the other during a series of one or more monitoring occasions for the
search space set pool, for the reception of at least one PDCCH on said search space set pool.
For example, if a search space set pool is associated with 2 TCl-states, the UE may apply a
first TCl-state for the reception of at least one PDCCH on said search space set pool during a
first monitoring occasion and a second TClI-state for the reception of at least one PDCCH on
said search space set pool during a second monitoring occasion. In addition, the mapping of
the TCl-states associated with a CORESET to a monitoring occasion may be performed via a
higher layer configuration configured to the UE by a network node, or it is known to the UE,
i.e., it is predetermined via a 3GPP specification. For example, if a CORESET is associated
with TCl-states T; and Tj, the higher layer configuration may indicate that TCl-state T; is to be
applied to the odd monitoring occasion(s) and TCl-state T; is to be applied to the odd
monitoring occasion(s) or even monitoring occasions(s). In another example, if a CORESET
is associated with TCl-states T3, ..., T,,, where n > 1, the higher layer configuration may indicate

to the UE that during monitoring occasions M = {ml, ...,mp}, where p > 1, the TCl-state T}, i €

{1,2, ...,n} is to be applied to the monitoring occasion(s) M; € M, wherein for a set of monitoring
occasions applied with TCl-state T;, M; € M and a set of monitoring occasions applied with

TCl-state T;, M; € M foranyi,j=1,..,nand i # j, M; # M;, i.e., M; and M; are not equal sets.

In accordance with an embodiment, the UE is configured to receive an association of one or
more TCl-state(s) with one or more CORESET(s). The UE may be configured to receive the
indication of the association via a PHY-layer indication, a MAC-CE message message (i.e.,
MAC-CE layer indication), or via a higher layer indication. In another alternative, the
association may be fixed and provided in the 3GPP NR specifications. After the UE has
obtained the one or more TCl-state(s) associated with a CORESET, the UE may apply the
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QCL assumption(s) provided in at least one of the TCl-state(s) during one or more monitoring
occasions for the reception of at least one PDCCH on one or more search space set(s)
associated with the CORESET. In a special case, the UE may apply the QCL assumptions
provided in the associated TCl-state(s), one after the other, for the reception of at least one
PDCCH on said CORESET during a series of one or more monitoring occasion(s). For
example, if a CORESET is associated with 2 TCl-states, the UE may apply a first TCl-state for
the reception of at least one PDCCH on at least one search space set in the CORESET during
a first monitoring occasion and a second TCI-state for the reception of at least one PDCCH on
at least one search space set (the search space set(s) being the same or different from the
ones during the first monitoring occasion) during a second monitoring occasion. In another
case, the UE may obtain an association of two or more TCl-state(s) with a single CORESET,
wherein the UE may apply the QCL assumption(s) provided in at least one of the TCl-state(s)
for the reception of at least one PDCCH on at least one search space set in the CORESET
during one or more monitoring occasions. An instance for this case would be as follows: if a
CORESET is associated with 2 TCl-states, the UE may apply a first TCl-state for the reception
of one or more PDCCH(s) on a first group of search space sets during one or more monitoring
occasions and apply a second TCl-state for the reception of one or more PDCCH(s) on a
second group of search search space sets during one or more monitoring occasions. Each
group of said search space set(s) may comprise one or more search space set(s) and the
groups themselves may have search space set(s) in common or may be disjoint. In a third
case, the UE may obtain an association of two or more TCl-state(s) with a single CORESET,
wherein the UE may apply the QCL assumption(s) provided in all the TCl-state(s) for the
reception of at least one PDCCH on at least one of the search space set(s) in the CORESET

in at least one monitoring occasion.

In an extension of the above method, the search space set(s) in the CORESET(s) may be
associated with one or more search space set pool(s) as described in the previous methods.
After the UE has obtained the one or more TCl-state(s) associated with a CORESET, it applies
the QCL assumption(s) provided in the TCl-state(s) during one or more monitoring occasions
for the one or more search space set(s) in one or more search space set pool(s) associated
with the CORESET. In a version of the method, the UE may receive two or more TClI-state(s)
for a CORESET. In that case, the UE may apply the QCL assumptions in a first TCl-state to
one or more search space set(s) in at least one search space set pool associated with the
CORESET, and the QCL assumptions in a second TCl-state to one or more search space

set(s) in at least one other search space set pool associated with the CORESET.
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In another extension of the above method, after the UE has obtained the one or more TCI-
state(s) associated with a CORESET, the UE may apply the QCL assumptions in the TCI-
state(s) to one or more search space set(s) in said CORESET, during one or more monitoring
occasions. In a version of the method, if, during a monitoring occasion in slot n, a CORESET
comprises s, = 1 search space set(s) to be monitored and there are t, > 1 TCl-states
associated with the CORESET, the UE may perform one of the following actions:

- the UE applies the QCL assumptions from s,,, < s,, TCl-states to s,, search space sets after
a certain ordering of the TCl-states and/or mapping between the TCl-states and the search
space sets for the reception of at least one PDCCH in the s,, search space sets in the
CORESET, or

- the UE applies the QCL assumptions from ¢t,,, < t,, TCl-states to s,, search space sets after
a certain ordering of the TCl-states and/or mapping between the TCl-states and the search
space sets for the reception of at least one PDCCH in the s, search space sets in the
CORESET.

The variables s, t,,, s, t,, May take any suitable values. It is to be noted that a search space

set may be mapped to two or more different TCl-states and a single TCI-state may be mapped

to two or more different search space sets.

The above methods pave way for PDCCH reliability enhancement in two ways:

1) Transmission of PDCCH(s) via multiple TRP(s) or panel(s) or beam(s) in the DL.

2) Transmission of PDCCH(s) on multiple search spaces or PDCCH candidates for control
information.

Repetition or transmission of multiple versions of PDCCHY(s) using the above ways increases

the frequency, time, and spatial diversity of the received PDCCH(s), thereby improving the

signal to noise ratio during the decoding of the PDCCH(s).

Dynamic indication or switching of associations among PDCCH candidates or search
space sets

In the methods described above the association of search space sets or two or more PDCCH
candidates that are associated with one or more search space sets is discussed. The following
embodiments discuss the dynamic switching between diversity-based or reliability-based
PDCCH transmissions and legacy or non-reliability-based PDCCH transmissions. For
example, it may be beneficial to support dynamic switching between multi-TRP based PDCCH
transmission and single-TRP based PDCCH transmission in scenarios where it is required that
the UE is served with different types of traffic (e.g., low-latency versus high data rate traffic).
Different signaling methods for the dynamic switching are proposed in the following

embodiments.
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In accordance with an embodiment, the UE is configured to receive via the physical layer or

via a higher layer, an indication regarding at least one of the following:

- The activation or formation of the association between at least one PDCCH candidate in a
search space set and at least one other PDCCH candidate in the same search space set
or a different search space set associated with the same or a different CORESET.

- The deactivation or termination of the association between at least one PDCCH candidate
in a search space set and at least one other PDCCH candidate in the same search space
set or a different search space set associated with the same or a different CORESET.

The association of the PDCCH candidates mentioned may very well be a search space set

pool described in this disclosure. The signaling of the activation or the formation/indication of

the association of PDCCH candidate(s) from one or more search space set(s) and the signaling
of the deactivation/termination of the same determine the mode of operation for the PDCCH
transmissions. The signaling may also be used to modify the association of the PDCCH

candidates within a search space set.

There may be multiple different ways to achieve the above functionality.

In accordance with an embodiment, the UE is configured to receive a MAC-CE message which
activates a search space set pool comprising one or more search space set(s). The message
comprises at least the identifiers of one or more search space sets, and optionally the identifier
of the search space set pool. The activation of a search space set pool essentially means that
one or more groups of PDCCH candidates may be present among the PDCCH candidates in
the indicated search space sets, where two or more PDCCH candidates exist in a given group.
The PDCCH candidates in a given group may be from one or more of the indicated search

space sets and the PDCCH candidates in a set are associated with the same DCI content.

After the reception of the MAC-CE in the above method, the UE may perform decoding of the
DCI from the PDCCH candidates with the assumption that there may be more than one
PDCCH candidate associated with the same DCI content. To enable the UE to perform
independent decoding of each PDCCH candidate, i.e., to remove the assumption of two or
more PDCCH candidates from the indicated search space set(s) associated with a single DCI
content, the network or network node may signal to the UE a deactivation command. The
removal of the assumption regarding the PDCCH candidates or the removal of the association
among the PDCCH candidates in the indicated search space set(s) is termed as the

deactivation or the termination of the search space set pool.
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In accordance with an embodiment, the UE is configured to receive a MAC-CE message that
activates/indicates or deactivates/terminates a search space set pool, wherein the MAC-CE
message comprises at least the identifiers of one or more search space sets, an x-bit field that
indicates the activation/indication or the deactivation/termination of the search space set pool,
and optionally, the identifier of the search space set pool. After the reception of the MAC-CE
with the x-bit field set to a value of b,, the UE may consider that as an activation or indication
of a search space set pool and if the MAC-CE is received with the x-bit field set to a value of

b4, the said search space set pool may be deactivated or terminated by the UE.

In accordance with an embodiment, the UE is configured to receive a MAC-CE message that
activates/indicates or deactivates/terminates a search space set pool. The MAC-CE message
may comprise different sets of fields when it is activating/indicating a search space set pool
and when it is deactivating/terminating a search space set pool. In a first example, when
activating or indicating a search space set pool, the MAC-CE message may at least comprise
the identifiers of one or more search space set(s), and optionally the identifier of the search
space set pool. When deactivating or terminating the search space set pool, the MAC-CE
message may at least comprise the identifier of the search space set pool without the indication
of the identifier(s) of any search space set(s). In a second example, when activating or
indicating a search space set pool, the MAC-CE message may at least comprise the identifiers
of one or more search space set(s), an x-bit field that indicates the activation/indication or the
deactivation/termination of the search space set pool, and optionally, the identifier of the
search space set pool. When deactivating or terminating the search space set pool, the MAC-
CE message may at least comprise the identifier of the search space set pool and the x-bit
field that indicates the activation/indication or the deactivation/termination of the search space
set pool. For activation, the x-bit field may be set to a value of b, which indicates that the MAC-
CE message comprises further field(s) that indicates one or more search space set(s) to
indicate or activate a search space set pool. For deactivation, the x-bit field may be set to a
value of b,, which indicates that the MAC-CE message is signaled to deactivate the search

space set pool with the given identifier.

In accordance with an embodiment, the UE is configured to receive via RRC or a higher layer,
an association of one or more search space set(s) with a search space set pool. By signaling
via lower layers (MAC-CE or PHY-layer for example), the search space set(s) associated with
the search space set pool may be modified or the search set pool may be activated/indicated
or terminated/deactivated. This method allows for just an activation or deactivation signaling
without the signaling of the pooling/grouping of the search space set(s) via lower layer(s). For

example, the UE may receive a higher layer information element (IE) indicating a search space
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set pool that comprises at least the following: the identifiers of one or more search space sets.
It may also optionally comprise an identifier for the search space set pool or group or
association. The UE may receive indication(s) via the RRC or another layer (MAC-CE message
or PDCCH indication for example) that activates or deactivates/terminates said search space
set pool. It may also receive indication via RRC or any other layer (MAC-CE message or
PDCCH indication for example) regarding the inclusion or removal or modification of the search
space set(s) in the search space set pool. In this way, the tasks of initial grouping of the search
space set pool and the activation or deactivation or dynamic modification of the same may be

separated.

Association of a search space set with multiple CORESETs

In accordance with an embodiment, a UE is configured to receive a configuration of a search
space set via a higher layer wherein the search space set is associated with more than one
CORESET in a serving cell. The UE may be provided with a configuration or indication of an
association of a search space set with one or more CORESETs. The PDCCH(s) associated
with said search space set is/are transmitted on one or more CORESET(s) associated with the
search space set. That means, the CCEs corresponding to a PDCCH candidate in the search
space set may be mapped to one or more of the associated CORESETs. The method may
further comprise, applying the configuration(s) or indication(s) for receiving one or more

PDCCH(s) on the search space set.

The UE may be provided with a configuration or indication of an association of a search space
set with one or more CORESETSs in the above method. According to an embodiment, the UE
is configured to receive the configuration or indication that provides an association of a search
space set with one or more CORESETS via a higher layer from the gNB or any other network
node. According to another embodiment, the configuration that provides an association of a
search space set with one or more CORESETSs is a priori known by the UE (e.g., it is fixed in

the specification).

The association of a search space set with one or more CORESETs may be performed via

higher layer signaling in multiple ways or options, some of which are provided below:

Option 1: The UE may receive a MAC-CE message to associate a search space set with one
of more CORESETSs that comprises at least the following fields: a search space ID, the ID(s)
or one or more CORESETS.

Option 2: The UE may receive a higher layer information element (IE) that comprises the ID of
the search space set and the ID(s) of the CORESET(s) associated with the search space.
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Option 3: The higher layer configuration of the search space set may indicate one or more
CORESET ID(s) in the parameter ‘ControlResourceSetld’, to associate the search space with
one or more CORESET(s).

The UE may hence combine or jointly process the PDCCH(s) from the search space set
received on one or more CORESETs to improve the reliability or the performance of the

decoding of the PDCCH(s), when a search space set is associated with multiple CORESETS.

There may be different ways to map the CCEs of the PDCCH candidates in the search space
set to the associated CORESET(s) when a search space set is configured with multiple
CORESETSs as described above.

In accordance with some embodiments, the mapping of the PDCCH candidates to the
CORESET(s) associated with the search space set is either configured or indicated to the UE
via a higher layer by the gNB or any other network node or it is fixed in the specification. The
UE may use said indication or specification directive to identify the CCEs for each PDCCH
candidate on the associated CORESET(s).

For example, one of the following methods may be used for the mapping of the CCEs on to

the associated CORESET(s):

- Method 1: For any PDCCH candidate configured with L. CCEs (aggregation level L) in the
search space set, each CORESET that the search space set is associated with comprises
L CCEs corresponding to the PDCCH candidate. In this case, the hash function described
in [3] may be used with each and every CORESET to determine the CCE mapping for the
PDCCH candidates in the search space to each associated CORESET. For example, if a
search space set s is associated with two CORESETS ¢; and ¢;, the hash function is first
used with the CORESET ¢; to map all the PDCCH candidates in s to the CCEs on
CORESET ¢;. Then the hash function is used with the CORESET c¢; to map all the PDCCH
candidates in s to the CCEs on CORESET ;.

- Method 2: For any PDCCH candidate configured with L. CCEs (aggregation level L) in the
search space set that is associated with P CORESETS, wherein the p-th CORESET that
the search space set is associated with comprises L,, CCEs of the PDCCH, wherein L =
Ly+-++L,+-Lpwhere0<L,<Lp=1,..P. The CCEs of a PDCCH candidate, in this
method, are essentially split and mapped to the various CORESETs associated with the

search space.
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Along with the mapping method, additional parameters required to determine the mapping may
also be provided via higher layer signaling or fixed in the specification — for example, in the
case of the second method, the split of the CCEs of the PDCCH candidates among the
CORESET(s) may be provided.

The transmission methods (transmission method 1 and transmission method 2) previously

described for diversity and reliability-based transmissions of PDCCH may also be applied here.

In accordance with some embodiments, the UE is configured to receive an indication from the
gNB or any other network node via a higher layer that indicates that the UE may receive one
or more DCls on a search space set associated with P>1 CORESETSs, wherein each DCI is
transmitted on one or more PDCCH candidate(s) using one of the following methods:

- The transmit-processed DCI content is mapped to the L CCEs of a PDCCH candidate
wherein the L CCEs of the PDCCH candidate are spread across P CORESETSs, i.e., the L
CCEs of the associated PDCCH candidate have to be collected from multiple CORESETSs
to decode the DCI.

- The transmit-processed DCI content is mapped to LP CCEs of a PDCCH candidate on P
CORESETs wherein the PDCCH candidate is configured with aggregation level L, i.e.,
each of the P CORESETs comprises L CCEs corresponding to a PDCCH candidate and
the modulated DCI content is split across the LP CCEs of the PDCCH candidate — all the
LP CCEs corresponding to the PDCCH candidate from all the associated CORESETSs have
to be collected to decode the DCI.

- The DCI content is independently transmit-processed and mapped to the L CCEs of the
PDCCH candidate associated with the DCI on each of the P CORESETS, i.e., the DCI
content may be decoded from the L CCEs of the associated PDCCH candidate on just one
of the associated CORESETSs — the UE may combine or perform joint processing of the LP
CCEs of the PDCCH candidate from the P CORESETS to improve the decoding reliability

or performance.

For example, the association of a transmission method and/or scheme with a search space
set that is configured with multiple CORESETs may be performed via higher layer signaling or
a MAC-CE message. The MAC-CE message, for example, may comprise at least the following
fields: a search space set pool ID, a field to indicate the transmission method and/or scheme.
In another example, the transmission method and/or scheme may be generally indicated for

all configured search space sets via a higher layer.
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In the case of multiple TRP transmissions, the CORESETSs associated with the search space

set may belong to different CORESET pool index values.

In accordance with some embodiments, a search space set configured via a higher layer is
associated with more than one CORESET in a serving cell via a higher layer signaling, wherein
the CORESETSs associated with the search space set are associated with different values of
the parameter CORESETpoolindex. This means that the PDCCH(s) associated with the

specific search space set are transmitted from multiple TRPs on different CORESETSs.

To have the same search space set in multiple CORESETSs and to enable multiple or diversity-
based reception of the same DCI content, the CORESETs may need some parameters to be

identical, or at least to be similar.

In accordance with embodiments, if a search space set is associated with multiple CORESETS,
at least one of the following parameters of one of the CORESETs is identical to the
corresponding parameter of another CORESET associated with the same search space: the
downlink bandwidth part where the frequency domain resources of the CORESET is

configured, or the duration (in number of symbols).

UE capabilities and PDCCH overbooking

The UE has the capability to blindly decode a limited number of PDCCH candidates in a given
slot on a serving cell. This capability is specified in the 5G NR standard [3] and is dependent
on the waveform numerology of the serving cell. Similar to the number of PDCCH candidates
the UE can blindly decode in a slot on a serving cell, there is also a limit of the number of CCEs
the UE can monitor, i.e., the UE can receive and estimate the channel for. This capability is

also dependent on the waveform numerology of the serving cell and is specified in [3].

In scenarios where multiple PDCCH candidates may be associated with a single DCI content,
the case of PDCCH overbooking needs to be revisited. The UE capability specification in the
current specification [3] deals with decoding of PDCCHs individually according to the
monitored DCI format of the PDCCH candidate. With the proposed methods that associate
multiple PDCCH candidates with a single DCI, multiple PDCCHs may be processed jointly to
decode a DCI. Therefore, the UE’s capability regarding joint processing and decoding of
PDCCHs may be known to the network to schedule the PDCCHs, and also in the case of
PDCCH overbooking to understand UE’s limits. With the knowledge on the network side on
whether the UE can perform individual decoding of each PDCCH candidate or can perform

combined/joint processing of multiple PDCCH candidates to decode a DCI, during a PDCCH
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overbooking instance, depending on the configuration of the PDCCH, different UE capabilities
may apply, and the network may have an understanding of the PDCCHs the UE decodes

during overbooking.

In the case of PDCCH overbooking, the number of CCEs to be estimated and the number of

PDCCH candidates to be monitored need to be revisited when the UE is configured with search

space set pools or when a search space set is repeated in multiple CORESETS. In general, in

any scenario that involves the joint processing of multiple PDCCH candidates to decode a

single DCI, the UE capability with regards to the number of CCE channel estimations or

PDCCH candidates monitoring needs to be addressed.

i) CCEs to be estimated: The number of CCEs that can be estimated by the UE,
irrespective of the combined/joint processing of the PDCCH candidates that may be
performed, may remain the same.

i) PDCCH candidates to be monitored: The number of PDCCH candidates to be
monitored may be modified depending on individual or joint processing of PDCCH
candidates. According to the 3GPP Rel. 16 specification, the following definition is used
for the term ‘monitoring’: “A UE monitors a set of PDCCH candidates in one or more
CORESETs on the active DL BWP on each activated serving cell configured with
PDCCH monitoring according to corresponding search space sets where monitoring

implies decoding each PDCCH candidate according to the monitored DCI formats.”

The current specification addresses only the individual decoding of each PDCCH and
determines the PDCCH candidates to be decoded in case of overbooking based on this UE
capability definition. When joint processing/decoding of some may be required, the UE
capability of ‘monitoring’ and/or the interpretation of the existing UE capability may need to be

modified.

To have an understanding on UE’s PDCCH blind decoding capability in scenarios where
multiple PDCCH candidates may be processed together to obtain a DCI, the following
capability of UE’s blind decoding is provided.

In accordance with some embodiments, a UE monitors a set of PDCCH candidates in one or
more CORESETSs on the active DL BWP on each activated serving cell configured with PDCCH
monitoring according to corresponding search space sets, where monitoring of a set of M

PDCCH candidates implies either one of the following:
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- individual processing of each PDCCH candidate in the set according to the monitored DCI
formats, i.e., a total of up to M DCIs may be obtained, or

- processing of G =1 groups of PDCCH candidates in the set, wherein each group
comprises K = 1 PDCCH candidates, for decoding a single DCI according to the monitored
DCI formats in the associated PDCCH candidates, i.e., a total of up to D < ¢ < M DCls

may be obtained (D can take any suitable value).

The second part of the definition of ‘monitoring’ may also cover the first part in the case that
each group comprises K = 1 PDCCH candidate and G = M groups — individual decoding of
PDCCH candidates in M groups according to the monitored DCI formats is performed to obtain
M DCls, wherein each group comprises only one PDCCH candidate. In the UE processing
according to the first part, blind decoding of each individual PDCCH candidate may be
performed. According to the second part, combining and/or joint processing of one or more
PDCCH candidates in a group may be performed to decode a DCI wherein a blind decoding
process may be involved. The blind decoding in this case may include, among other
processing, the unscrambling of the cyclic redundancy check (CRC) bits with various radio
network temporary identifier (RNTI) values that the CRC of the DCI can be possibly scrambled
with and performing the CRC check to verify if a valid DCI is present according to the DCI

formats to be monitored.

In accordance with some embodiments, the above understanding of monitoring of PDCCH

candidates by the UE may result in two different UE capabilities:

- Capability 1: The number of PDCCHs/DCls Mg5icy ; that can be decoded by the UE in a
slot in a serving cell, wherein each PDCCH/DCI is decoded from a single PDCCH
candidate according to the monitored DCI formats.

- Capability 2: The number of PDCCHs/DCls Mp5cy , that can be decoded by the UE in a
slot in a serving cell, wherein each PDCCH/DCI is decoded from one or more PDCCH
candidate(s) according to the monitored DCI formats.

- Capability 3: The number of PDCCHs/DCls Mg5¢écy 3 that can be decoded by the UE in a
slot in a serving cell, wherein each PDCCH/DCI is decoded from either one or up to Npiccy

candidates according to the monitored DCI formats.
The above UE capabilities may be fixed in the specification or reported by the UE. The

capabilities may be dependent on the numerology of the serving cell.

In addition to the above capabilities, a span-pattern-based capability may be defined.
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In accordance with some embodiments, for a PDCCH monitoring span pattern (X,Y) in a slot,

the following UE capabilities may be defined:

- Capability 1A: The number of PDCCHs/DCls Mllf‘];’c"'c(g:f) that can be decoded by the UE for

a span pattern (X,Y) in a slot in a serving cell, wherein each PDCCH/DCI is decoded from

a single PDCCH candidate according to the monitored DCI formats.

- Capability 2A: The number of PDCCHs/DCls MT™2*%Y) that can be decoded by the UE for

PDCCH,2

a span pattern (X,Y) in a slot in a serving cell, wherein each PDCCH/DCI is decoded from

one or more PDCCH candidates according to the monitored DCI formats.

- Capability 3A: The number of PDCCHs/DCls Mff’;é('c(g:? that can be decoded by the UE for

a span pattern (X,Y) in a slot in a serving cell, wherein each PDCCH/DCI is decoded from

either one or up to Nlirl’;g‘é(g‘y) candidates according to the monitored DCI formats.

The above UE capabilities may be fixed in specification or reported by the UE. The capabilities

may be dependent on the numerology of the serving cell.

In accordance with embodiments, the UE may report to the network its capability to monitor
PDCCH candidates by reporting at least one of the following:

- The maximum number of PDCCHs/DCls Mpiécy , that can be decoded by the UE in a slot
in a serving cell. Each DCI is decoded from a single PDCCH candidate according to
monitored DCI formats.

- The maximum number of PDCCHs/DCls Mpp5¢cy , that can be decoded by the UE in a slot

in a serving cell. Each DCI is decoded from one or more PDCCH candidates according to
monitored DCI formats.

- Mppécnz and/or Nppécy wherein the UE is capable of decoding up to Mppicy s

PDCCHs/DCls in a slot in a serving cell. Each DCI is decoded from either one or up to
Npecn candidates

max,(X,Y)

- Span pattern X, Y and/or Mpp,ccip’; © wherein the UE is capable of decoding up to MY

PDCCH,1
PDCCHs/DCls for a span pattern (X,Y) in a slot in a serving cell. Each DCI is decoded
from a single PDCCH candidate according to monitored DCI formats.

- Span pattern X, Y and/or Mglljacx‘c(g_’zy ) wherein the UE is capable of decoding up to Mffl‘)acx'c(gg)

PDCCHs/DCls for a span pattern (X,Y) in a slot in a serving cell. Each DCI is decoded

from one or more PDCCH candidates according to monitored DCI formats.
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- The span pattern (X, Y) and/or the value Mpnces s’ and/or the value Njmeca™ wherein the

max,(X,Y)

UE is capable of decoding up to Mppyccyy's” PDCCHs/DCls for a span pattern (X, Y) in a slot

in a serving cell. Each DCI is decoded from either one or up to an%é(gx) candidates.

The reported capabilities may be dependent on the numerology of the waveform and different

values may be reported for different numerologies. The unreported values may be fixed in the

specification. For example, for a given span pattern (X, ), the value Mpracs’ and M)

may be fixed in the specification for various numerologies and the Mg;;gggg’ may be fixed for

a specific number of PDCCH candidates that the UE can jointly process for a single DCI and/or
for a specific number of DCls in a slot that can be decoded via joint processing. Therefore, by

reporting just the span pattern, the UE capability in monitoring PDCCH candidates is

determined. In another example, for a given span pattern (X,Y) and NSS‘&%’Y), the value

Mmax,(X,Y)

ppcci s May be fixed in the specification for various numerologies. Hence, by reporting just

the span pattern and the value of Npie*V) the UE capability Mpas(*r)

pDccH 3’ 18 determined.

Depending on the type of capability and the values reported, the network may decide if a UE
is able to decode a DCI via processing multiple PDCCH candidates or not. For example, if no

lel’)"’cxég('w value is reported or Nl‘:]’;‘cxé(:f'” = 1 is reported, the gNB may assume that the UE is

not capable of processing multiple PDCCH candidates for a single DCI. This also helps the
gNB in deciding on the configuration of search space set pools or configuring search space

sets with multiple CORESETSs as described above for the UE. For example, the parameter

Nppbecey of NSEE‘&%’Y) may determine the size of the search space set pool that can be configured
(and thereby the number of PDCCH candidates from different search space sets in the pool
that are associated with the same DCI content) or the number of CORESETSs that a search
space set can be associated with. If no UE capability is reported, the gNB may assume that
the UE is only capable of decoding every PDCCH candidate individually. In another alternative,
if the UE is capable of a certain method of decoding — processing each individual PDCCH
candidates for each DCI or processing one or more PDCCH candidates for each DCI —the UE
may process the configured PDCCHY(s) according to whichever method the UE is capable of

processing them and/or whichever method of processing the configuration requires.

In cases when the UE is configured with one or more search space set pools or when one or
more search space sets are configured with more than one CORESET in a cell, one of the UE

capabilities described above may apply.
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In accordance with embodiments, if a UE is configured with one or more search space set
pools or when one or more search space sets are configured with more than one CORESET

in a cell, the UE may have the capability to either

- decode up to Mppicy, PDCCHs/DCIs in a slot in a serving cell wherein each DCI is

decoded from either one or up to Nii%;; candidates, or

- decode up to Mo s’ PDCCHs/DCls for a span pattern (X,Y) in a slot in a serving cell

wherein each DCl is decoded from either one or up to N;r]‘)"’é‘é%”) candidates.

This method may also apply in reverse, i.e., only when the UE reports the capability to process
one or more PDCCH candidates to obtain a DCI, it expects the gNB to provide such a SS set

or PDCCH configuration.

If the UE does not report any capability to process multiple PDCCH candidates (i.e., PDCCHSs)
to obtain a single DCI to the gNB or any other network entity, the UE may not, for example,
expect the gNB to provide any higher layer configuration wherein multiple PDCCH candidates
may be provided on one or more search space sets on one or more CORESETSs that may have
to be processed by the UE to decode a DCI. The network configuration may therefore be
contingent on the UEs reporting of its capability of PDCCH decoding. Similarly, if no UE
capability regarding PDCCH decoding is reported, the gNB may assume that the UE is only
capable of decoding every PDCCH candidate individually and revert to state of the art UE

capability assumptions.

It may also be possible that the UE may ignore any configuration provided by the network that

involves combining or joint PDCCH processing if the UE is not capable of joint processing.

In accordance with an exemplary embodiment, if the UE does not report any capability to
process multiple PDCCH candidates to decode a DCI to the gNB or any other network entity,
and if the UE is provided by the gNB or any other network entity with a higher layer
configuration wherein multiple PDCCH candidates may be provided on one or more search
space sets on one or more CORESETSs that may have to be processed by the UE to decode
a DCI, the UE attempts to decode each PDCCH candidate individually. In the case when the
DCls are transmitted using transmission method 2, individual decoding may provide the
underlying DCI but the reliability of the PDCCH is not enhanced by means of combining as the
UE may not be capable of that operation. In the case when the DClIs are transmitted using
transmission method 1, the UE will not be able to decode the DCI by this method.

In accordance with another exemplary embodiment, if the UE does not report to the gNB or

any other network entity any capability associated with decoding a DCI associated with more
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than one PDCCH candidate, and if the UE is provided by the gNB or any other network entity
with a higher layer configuration wherein a DCI is associated with more than one PDCCH
candidate provided in one or more search space sets on one or more CORESETSs, the UE

attempts to decode or blindly decodes each PDCCH candidate individually.

In the above methods, the default assumption for the gNB for state of the art UEs and a
differentiation with updated UEs is provided. The capabilities reported by the UE in the above
method that are concerned with decoding a DCI associated with more than one PDCCH

candidate may be at least one of, but not limited to, the following:

- one or more values related to number of monitored PDCCH candidates and/or monitored
CCEs and/or blind decoding attempts that may be counted towards the UE’s monitoring or
blind decoding capability with respect to a group of PDCCH candidates that are associated
with the same DCI content,

- the decoding method employed at the UE or the capability of the UE to employ a certain
specific decoding method (for e.g., soft-combining, joint processing, selective decoding,
etc.) to decode a DCI that is associated with more than one PDCCH candidate,

- the maximum number of search space set pools that can be supported in a given downlink
bandwidth part and/or cell,

- the maximum number of PDCCH candidates that can be monitored in a slot or spanin a
cell if UE is capable of decoding a DCI associated with more than one PDCCH candidate,
which may be subject to the number of groups of associated PDCCH candidates in given
slot or span,

- the maximum number of CORESETs that can contain search space sets that are

associated with search space set pools.

Once there is an understanding at the network side of the UE capability with respect to PDCCH
decoding, which may vary in different scenarios of PDCCH configuration, the knowledge of the
PDCCHs/DCls that the UE may decode and the ones that may not be decoded during a

PDCCH overbooking instance may be obtained by the network.
Blind decoding capabilities and counting of blind decoding attempts

As mentioned earlier, the UE has the capability to blindly decode a limited number of PDCCH
candidates in a given slot on a serving cell and also the UE has the capability to monitor a
limited number of CCEs, i.e., estimate the channel. Both capabilities are dependent on the

waveform numerology of the serving cell and are specified in [3].

In scenarios where multiple PDCCH candidates may be associated with the same DCI content,

methods for reporting UE capability with regards to blind detection/decoding and CCE
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estimation/monitoring, PDCCH overbooking, etc. were discussed previously in the disclosure.
In this subsection, methods for the revision or redetermination of the blind decoding capabilities

and/or the CCE estimation/monitoring capabilities are discussed.

The UE’s capability in the current NR specifications [3] deals with decoding of PDCCHs
individually according to the monitored DCI format of the PDCCH candidate. The number of
PDCCH candidates that a UE is capable of blind decoding, in this case, is the same as the
number of blind decoding attempts that the UE is capable of performing. With methods that
associate multiple PDCCH candidates with a single DCI (which applies to any method provided
in this disclosure or any such method in the NR specifications), multiple PDCCHs may be
processed by the UE selectively or independently or jointly to obtain a single DCI. Therefore,
the number of blind decoding attempts may be different from the number of PDCCH candidates
configured in a given slot, or span in a cell. Hence, the counting of the number of blind decoding
attempts, or the number of PDCCH candidates towards the UE’s capability, should be revisited
in the NR specifications. The UE’s capability regarding the decoding of PDCCHs may be
known to the network node in such cases to schedule the PDCCHs with the understanding of

the UE’s limits or capabilities.

Decoding of DCI from multiple PDCCH candidates

There can be two methods in which a DCI associated with multiple PDCCH candidates can be
obtained (it is assumed here that each PDCCH candidate comprises a whole transmit-
processed DCI):

i) Selective/individual decoding to obtain the DCI(s): When multiple PDCCH candidates
are associated with the same DCI, the UE may attempt to blindly decode one or more
PDCCH candidate(s) individually searching for a DCI. The order in which the PDCCH
candidates are chosen or the choice and/or order of the PDCCH candidates that the
UE attempts to blindly decode may be determined by the UE, predetermined and fixed

in the NR specifications, or configured to the UE via a higher layer.

i) Combining and/or joint processing to obtain the DCI(s): When multiple PDCCH
candidates are associated with the same DCI, the UE may perform soft-combining, or
any other method of joint-processing of two or more of the PDCCH candidates
associated with the DCI, to obtain the DCI. The number of PDCCH candidates chosen
for soft-combining and/or joint-processing may be determined by the UE,
predetermined in the NR specifications, or configured to the UE via a higher layer.

The decoding method may depend on the transmission method used when multiple PDCCH

candidates are associated with a single DCI. With transmission method 1 described earlier in
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the disclosure, joint processing of all the CCEs from all the associated PDCCH candidates

may be required. With transmission method 2, either of the decoding methods may be used.

Individual or selective decoding of PDCCH candidates

In the case of selective/individual decoding of multiple PDCCH candidates associated with a

single DCI, the blind detection and CCE estimation limit are affected as follows:

i) CCEs to be estimated/monitored: The number of CCEs to be estimated by the UE to
decode a DCI depends on the number of PDCCH candidates that it attempts to blindly
decode. If the DCI is obtained during the blind detection attempt of the first PDCCH
candidate itself, then the UE does not attempt to decode the others. The number of
CCEs monitored in this case is equal to the number of CCEs in the first PDCCH
candidate. ‘Monitoring of a CCE’ in this case may mean the performance of at least
one of the following operations on said CCE: estimation (one or more of the following
estimation(s): channel estimation, noise power estimation, Doppler estimation, delay

estimation, etc.), equalization, demodulation.

i) Number of blind decoding attempts: According to the 3GPP Rel. 16 specification, and
as previously presented the following definition is used for the term ‘monitoring’: “A UE
monitors a set of PDCCH candidates in one or more CORESETSs on the active DL
bandwith part (BWP) on each activated serving cell configured with PDCCH monitoring
according to corresponding search space sets where monitoring implies decoding each
PDCCH candidate according to the monitored DCI formats.” The term ‘monitoring of a
PDCCH candidate’, in methods hereafter in this disclosure, may mean the performance
of at least one of the following operations on the CCEs corresponding to said PDCCH
candidate: estimation (one or more of the following estimation(s): channel estimation,
noise power estimation, Doppler estimation, delay estimation, etc.), equalization,
demodulation, decoding according to the DCI format(s) to be monitored in said PDCCH
candidate. The number of monitored PDCCH candidates depend on the decoding

attempt in which the DCI is obtained.

The number of CCEs to be estimated and the number of blind decoding attempts via individual
or selective decoding to obtain a DCI when multiple PDCCH candidates are associated with a
single DCI is therefore variable. The number of blind decoding attempts may vary from 1 to p,
where p is the number of PDCCH candidates associated with the same DCI. There may be
multiple ways to count the PDCCH candidates to be monitored or the number of blind decoding

attempts and hence the CCEs to be estimated towards the UE’s capability limit to capture the
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UE’s actual capability in PDCCH decoding or monitoring when multiple PDCCH candidates
are associated with the same DCI. Depending on the counting method, the gNB or the network

node may determine the PDCCH scheduling or overbooking that can be done.

Soft-combining and/or joint-processing of PDCCH candidates

In the case of soft-combining and/or other joint-processing, methods performed by the UE to

obtain the DCI from multiple PDCCH candidates associated with the same DCI, the blind

detection and CCE estimation limit are affected as follows:

i) CCEs to be estimated: The number of CCEs that can be estimated by the UE,
irrespective of soft-combining or any other joint processing method used, is determined
by the number of PDCCH candidates from the PDCCH candidates associated with the

DCI used for the soft-combining and/or joint-processing.

i) PDCCH candidates to be monitored: The number of PDCCH candidates to be
monitored may depend on the method in which the transmit-processed DCI(s) are
included in the PDCCH candidates. If the DCls in all the PDCCH candidates comprise
the same stream of bits and/or have identical transmit-processing, then they may be
soft-combined to perform a single blind decoding attempt. If the stream of bits in the
DCI and/or the transmit-processing method used for the DCI(s) and/or the aggregation
levels of the PDCCH candidates is different, either some joint processing method may
be employed while performing one or more blind decoding attempts or more than one

blind-decoding attempt may be required to process them separately.

Therefore, similar to the individual or selective decoding method, multiple possibilities of
counting the CCEs or PDCCH candidates to be monitored or the number of blind decoding

attempts towards the UE’s capabilities for the same are available.

Methods for counting of monitored/estimated PDCCH candidates or of blind decoding
attempts

In accordance with an embodiment, the UE is configured with a number of PDCCH candidates
that are associated with one or more search space sets and one or more CORESETSs in a
given slot, or a given span in a cell, wherein one or more groups of PDCCH candidates may
be present, wherein a group g comprises p, > 1 PDCCH candidates which are associated
with the same DCI content. Then, the number of blind decoding attempts made by the UE

and/or the number of blind decoding attempts counted for group g towards the UE’s capability
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for the number of blind decoding attempts in the given slot, or the given span in the cell, may
be one of the following:
- One blind decoding attempt,

- Anumber s, of blind decoding attempt(s), where the number s, of blind decoding attempt(s)

is less or equal to the number of PDCCH candidate(s) in group g.

For a given blind decoding attempt, the number of PDCCH candidates or the number of CCEs
estimated or monitored may vary depending on the decoding method employed by the UE.
The number of PDCCH candidates or CCEs monitored by the UE, or the number of monitored
PDCCH candidates or monitored CCEs counted for group g towards the UE’s capability in
each of the two cases is equal to the total number of PDCCH candidate(s) or the total number

of CCEs estimated or monitored for all blind decoding attempt(s) combined.

The counting may be performed at the UE and/or a network node or gNB. The count may be

used for the purpose of the scheduling of the PDCCH by the network.

In the following, we discuss different examples for the number of blind decoding attempts. In
one example, the UE may perform a single blind decoding attempt and use all p, PDCCH
candidates or a subset of the p;, PDCCH candidates from the group for soft-combining and/or
joint processing to obtain the DCI. This case may be possible when the PDCCH candidates of
the group are obtained by an identical transmit-processing of the DCI and have an identical
stream of bits and/or the same number of CCEs. In another example, the UE may perform a
single blind decoding attempt by selecting a single PDCCH candidate from the group. The UE
may select the ‘best’ PDCCH candidate based on a fixed or a network-indicated metric or
criterion (e.g., random selection, received signal power, i.e., RSRP, RSSI, signal-to-
interference-plus-noise ratio, priority of the PDCCH candidate, CORESET associated with the
PDCCH candidate, or SS set associated with the PDCCH candidate, etc.) and attempts to
blindly decode only that PDCCH candidate. If the metric or criterion is indicated by the network,
the signaling for the same may be obtained via a higher layer. The selection of the PDCCH
candidate may also be left to UE implementation without any signaling or any fixed
criterion/metric in the NR specification, i.e., the UE may perform the selection of the PDCCH
candidates to blind decode on its own without any NR specification or network node directive
(for e.g., the criterion or metric the UE may use may be determined by its implementation, or
the UE may just perform random selection without any criterion or metric). In these two
examples, one PDCCH candidate may be counted towards the number of monitored PDCCH

candidates or blind decoding limit.
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In another example, s; (1 < sy4 < pgy) blind decoding attempts may be counted towards the
PDCCH monitoring or blind decoding limit and ¢, (¢, = 54,1 < t; < p,;) PDCCH candidates
from the group are used for blind decoding. For instance, there may be s, < p, sets of PDCCH
candidates among t, PDCCH candidates selected from the group, wherein the PDCCH
candidates in each set are associated with the same DCI. Note that one PDCCH candidate
may be a member of more than one of the s, sets. The UE may perform soft-combining and/or
joint processing for each set of PDCCH candidates. Each set may selectively be decoded until
avalid DCl is obtained. Note that the case t, = s, corresponds to only one PDCCH candidate
per set, thereby amounting to individual/selective decoding of each PDCCH candidate from a
subset of PDCCH candidates from the group. The number of sets, in the worst case, that are
attempted for blind decoding is counted towards the UE’s blind decoding limit. In both cases
ty > sy and t; = sg4, the worst case count, 5,4, the maximum number of blind decoding attempts

that may be made, is counted towards the UE’s capability limit for blind detection.

In the cases mentioned above, the number of PDCCH candidates or CCEs estimated or
monitored for a given group of PDCCH candidates associated with the same DCI content is
equal to the total number of PDCCH candidates or CCEs that are estimated or monitored for

all blind decoding attempts combined.

The UE may employ a combination of individual/selective decoding and soft-combining and/or
joint processing. At higher carrier frequencies, such as mmWave for example, any obstacle
between a transmit-receive point and a receiver may result in ‘blockage’ — a steep drop in the
received power of the signal at the receiver due to an obstruction. This may cause the link to
be highly unreliable or ultimately fail. Employing a hybrid decoding approach is useful when
PDCCH candidate(s) is/are prone to blockage (for example, PDCCH candidates associated
with different transmit-receive points (TRPs)). When a PDCCH candidate is prone to blockage,
the beliefs of the bits (i.e., likelihood ratios) with respect to the transmitted codeword generated
after the signal equalization at the UE may not be reliable. Therefore, when error-prone beliefs
are processed at the decoder, there is a higher probability of getting an erroneous decoded
codeword. In the case of soft-combining and/or joint processing when the likelihood ratios
generated after the equalization of two different PDCCH candidates is combined, the likelihood
ratios of the codeword bits obtained from a more reliable PDCCH candidate may be corrupted
by the ones from a less reliable PDCCH candidate. The combination of the likelihood ratios
from channels of varying SNRs may sometimes result in worse performance than the

selective/individual decoding of the likelihood ratios from each channel. However, this
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phenomenon may not arise at higher SNRs. Therefore, to balance the performance in various
SNR regimes, a combination of individual/selective decoding and soft-combining and/or joint
processing may be employed at the UE. For instance, one or more PDCCH candidate(s) may
be selected initially based on one or more given or pre-determined criterion/criteria and then a
soft-combining and/or joint-processing based decoding of multiple PDCCH candidates may be
performed. By this method, the UE may be robust enough to handle varying regimes of SNRs
and varying reliabilities of bit likelihood ratios obtained from PDCCH candidates that are
received from different links, with each link under independent and/or uncertain fading

circumstances (such as blockage, pathloss differences, instantaneous fading, etc.).

In accordance with an embodiment, the UE may be provided with one or more criteria for the
individual/selective processing or soft-combining and/or joint processing or a combination of
individual/selective processing and soft-combining and/or joint processing of a group of
PDCCH candidate(s), wherein more than one PDCCH candidates may exist in the group, and

all the PDCCH candidates in the group are associated with the same DCI content.

In an example, the criterion/criteria may be fixed in the NR specifications, or it is provided via
a higher layer signaling from a network node. For example, the UE may be configured to
attempt blind decoding of the PDCCH candidate with the highest aggregation level in the group
first, or to attempt blind decoding of only the PDCCH candidate with the highest aggregation
level in the group. When multiple PDCCH candidates are configured with the highest
aggregation level value in the group, the UE may attempt decoding of either one of them or
may perform soft-combing and/or joint processing of them. The corresponding UE behavior
may be fixed in the NR specifications or indicated by a network node via higher layer signaling
to the UE. In another example, the UE may be configured to attempt blind decoding of the
PDCCH candidate with the higher received signal power. The received power to be
considered, for example, may be the reference signal received power (RSRP) measured from
a DMRS or CSI-RS or SSB that is associated with the CORESET or the PDCCH candidate
(via QCL reference for instance) or a reference signal strength indication (RSSI) measurement
or a reference signal receive quality (RSRQ) measurement, or any other measurement
provided in the NR specifications that can be obtained by the UE.

In accordance with an embodiment, the criterion or criteria for the processing of a group of
PDCCH candidate(s), wherein more than one PDCCH candidate may exist in the group, and
all the PDCCH candidates in the group are associated with the same DCI content, may be at
least one of the following: the aggregation level of one or more of the PDCCH candidates,
RSSI measurement(s), RSRQ measurement(s), the RSRP or SINR obtained from the
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measurement of at least one DMRS or CSI-RS or SSB, the ID of a search space set associated
with at least one of the PDCCH candidates, the search space set group ID(s) associated with
a search space set that is associated with at least one of the PDCCH candidates, the search
space type associated with at least one of the search space set(s) associated with at least one
of the PDCCH candidates, the DCI format(s) to be monitored in at least one of the PDCCH
candidates.

Additional considerations in the counting of the number of blind decoding attempts:

In the methods described above regarding the counting of the number of blind decoding
attempts, the total number of attempts in decoding was the only parameter considered for the
counting. Depending on the method used for the transmission of the PDCCH candidates
associated with the same DCI content and the decoding techniques used, the number of blind
decoding attempts counted may be different. For example, in the case of soft-combining or
hybrid decoding, the LLRs calculated from two different PDCCH candidates associated with
the same DCI content might have to be stored before combining for blind decoding. In this
case, the memory used for the storage for the LLRs may have to be considered, as the memory
is blocked and not usable for the LLRs of any other PDCCH candidate for blind decoding.
Therefore, even though only one blind decoding attempt is actually being made from the two
PDCCH candidates, the memory used for the LLRs may not allow the blind decoding attempt
of some other PDCCH candidate(s). Therefore, while the UE has a capability of the number of
blind decoding attempts that it could make in a given span or a slot in a given cell, the number
of blind decoding attempts of said capability that the two PDCCH candidates that are
associated with the same DCI content take up has to be counted with such UE processing
bottlenecks accounted for.

In accordance with an embodiment, the UE is configured with a number of PDCCH candidates
that are associated with one or more search space sets and one or more CORESETSs in a
given slot, or a given span in a cell, wherein one or more groups of PDCCH candidates may
be present, wherein a group g comprises p, > 1 PDCCH candidates which are associated
with the same DCI content. Then, the number of blind decoding attempts made by the UE
and/or the number of blind decoding attempts counted for group g towards the UE’s capability
for the number of blind decoding attempts in the given slot, or the given span in the cell, may

be s, blind decoding attempt(s), where s, is less or equal to twice the number of PDCCH

candidate(s) in group g.

The count of s, = p; may be applicable in the case of hybrid decoding or soft-combining cases

when there are bottlenecks at the UE’s receiver architecture (e.g., the memory used for the
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LLRs obtained from the PDCCH candidates) and/or when the PDCCH candidates are

transmitted within the same slot or a span.

In the case of inter-slot/inter-span transmissions of PDCCH candidates associated with the
same DCI content, the count made due to, say, the memory usage for the LLRs, may have to

be carried over to another slot or span.

In accordance with embodiments, the UE is configured with a number of PDCCH candidates
that are associated with one or more search space sets and one or more CORESETS, wherein
one or more groups of PDCCH candidates may be present, wherein a group g comprises p, >
1 PDCCH candidates which are associated with the same DCI content. If at least one of the
said PDCCH candidates is in a slot or a span different from that of at least one of the other
said PDCCH candidates in a cell, then the number of blind decoding attempts made by the UE
and/or the number of blind decoding attempts counted for group g towards the UE’s capability
for the number of blind decoding attempts in a slot ¢ or span ¢t in the cell is a value x; = y;,
wherein x; > 0 and y, > 0 is less than or equal to the number of PDCCH candidates in the
group g received before slot ¢ or span ¢t in the cell, i.e., the number of PDCCH candidates
associated with the same DCI content received before said slot or span in the cell. For
example, if two PDCCH candidates associated with the same DCI content are received by the
UE and one PDCCH candidate is received in slot ¢t — k and the other is received in slot ¢,
wherein k > 0, then at slot ¢, the UE may count a value of at least 0 < y, < 1 towards the UE’s
blind decoding capability x; in slot t. It may be noted that in a given slot or span ¢, x; = y; + z;,
where z, > 0. In slot t — k, in the given example, the number of blind decoding attempts
counted towards the UE’s capability may be x;_;, = y;_, wherein 0 < y;_, < 1. The value of
v:_ may depend on the method of decoding used by the UE, e.g., selective decoding, soft-

combining or hybrid decoding.

UE capability reporting with respect to a type of decoding method employed

The UE’s decoding capability, irrespective of the decoding method employed
(individual/selective decoding or combined decoding/joint processing), the gNB may be
apprised of the UE’s capability with respect to the decoding process to determine the number
of PDCCH candidates and CCEs to be counted towards UEs capability limit.

In accordance with an embodiment, the UE is configured to report to a network node or gNB,
a parameter that indicates whether the UE is capable of individual/selective decoding and/or

joint/combined decoding/processing of PDCCH candidates that are associated with the same
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DCI or same DCI content. For example, the UE reporting parameter may be titled
‘decodingDClfromMultiplePDCCHcandidates and the values taken may be ‘selection’
‘combining’ or ‘selectionAndCombining’. Hence, according to an embodiment, the method
performed by the UE comprises reporting to the network node, said parameter that indicates
whether the UE is capable of individual/selective decoding and/or joint/combined
decoding/processing of PDCCH candidates that are associated with the same DCI or same
DCI content.

In addition, the maximum number of PDCCH candidates that may be selected or combined by

the UE for decoding the DCI may also be reported to a network node.

In accordance with an embodiment, the UE is configured to report to a network node or gNB,
a parameter that indicates the number of PDCCH candidates it may attempt to blindly decode
individually to obtain a DCI when multiple PDCCH candidates may be associated with the
same DCI or same DCI content. For example, the parameter may be titled
‘numberOfBDPDCCHcandidatesForSelectiveDecoding’ and may take an integer value, e.g.,
1, 2, 4. Hence, according to an embodiment, the method performed by the UE comprises
reporting to the network node, said parameter that indicates the number of PDCCH candidates
it may attempt to blindly decode individually to obtain a DCI| when multiple PDCCH candidates

may be associated with the same DCI or same DCI content.

In accordance with an embodiment, the UE is configured to report to a network node or gNB,
a parameter that indicates the number of PDCCH candidates it may combine/jointly process
to perform blind decoding in search of a valid DCI when multiple PDCCH candidates may be
associated with the same DCI or same DCI content. For example, the parameter may be titled
‘numberOfBDPDCCHcandidatesForCombinedDecoding’ and may take an integer value, e.g.,
1, 2, 4. Hence, according to an embodiment, the method performed by the UE comprises
reporting to the network node, said parameter that indicates the number of PDCCH candidates
it may combine/jointly process to perform blind decoding in search of a valid DCI when multiple

PDCCH candidates may be associated with the same DCI or same DCI content

The UE may also be able to report to the network node or gNB, which value or which method

of counting the PDCCH candidates or blind decoding attempts applies to it.

In accordance with an embodiment, the UE is configured to report to a network node, or gNB,

one of the following:
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- One or more values for the number of monitored PDCCH candidates and/or monitored
CCEs and/or blind decoding attempts that may be counted towards the UE’s monitoring or
blind decoding capability with respect to a group of PDCCH candidates that are associated
with the same DCI content.

One or more

- indices or parameters, each of which indicates a number of monitored PDCCH candidates
and/or monitored CCEs and/or blind decoding attempts that may be counted towards the
UE’s monitoring or blind decoding capability with respect to a group of PDCCH candidates

that are associated with the same DCI content.

The reported value(s) may be dependent on the decoding method(s) that the UE employs —
individual/selection decoding, soft-combining and/or joint processing, hybrid decoding

methods.

The gNB or a network node may indicate to the UE the number of monitored PDCCH
candidates and/or monitored CCEs and/or blind decoding attempts that are counted towards
the UE’s blind decoding capability with respect to a group of PDCCH candidates associated
with the same DCI or DCI content. In the case the UE reports multiple values for the
aforementioned parameters, the indication from the gNB or network node may provide
guidance to the UE on the method to use for the decoding of the PDCCH candidates and the

counting towards the BD limit.

In accordance with embodiments, the UE is configured to receive from a network node, or

gNB, one of the following indications via the PHY layer or a higher layer:

- One or more values for the number of monitored PDCCH candidates and/or monitored
CCEs and/or blind decoding attempts that may be counted towards the UE’s blind decoding
capability with respect to a group of PDCCH candidates that are associated with the same
DCI or DCI content.

- One or more indices or parameters, each of which indicates a number of monitored
PDCCH candidates and/or monitored CCEs and/or blind decoding attempts that are
counted towards the UE’s blind decoding capability with respect to a group of PDCCH

candidates that are associated with the same DCI or DCI content.
The description of the methods that may be employed and the counting of the blind decoding

attempts and thereby the number of monitored PDCCH candidates or monitored CCEs for

each method is provided above in the disclosure.
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PUCCH resource determination in an event of DCI repetition or DCI multi-chance

The DCI may comprise a PUCCH resource indicator (PRI) field that indicates a request for a
transmission of uplink control information (UCI). The PUCCH resource used for the uplink
transmission of the UCI is selected from one or more PUCCH resource(s) in a PUCCH
resource set. In some examples, the PUCCH resource selected in the PUCCH resource set
for the UCI transmission is indicated by the PRI field in the DCI. In such a case, each codepoint
of the PRI field may be associated with a PUCCH resource in the PUCCH resource set. For
example, if the PRI field comprises a b-bit field and the PUCCH resource set comprises 2°
resources, a mapping between the codepoints of the PRI field to the PUCCH resources in the
PUCCH resource set is used so that the PUCCH resource used for the transmission of the
UCI is indicated by a value of the b-bit PRI field. However, when the number of PUCCH
resources in the PUCCH resource set comprises more than 22 PUCCH resources, the 2°
codepoints of the PRI field are not sufficient to indicate the PUCCH resource in the PUCCH
resource set. In such cases, additional parameters such as the number of CCEs in the
CORESET on which the DCI is transmitted and/or the index of the first CCE of the PDCCH
candidate associated with the DCI, may be used to indicate the PUCCH resource as described

by the following embodiments.

In accordance with embodiments, when at least two PDCCH candidates from one or more

search space sets in one or more CORESETs are associated with the same DCI or DCI

content, the UE may determine the PUCCH resource or derive the index of the PUCCH

resource to be used for an uplink transmission of an uplink control information (UCI) based on

at least one or more of the following values:

- the value indicated in the PUCCH resource indicator (PRI) field in the DCI, and/or

- the number of CCEs from at least one CORESET associated with one or more of the
PDCCH candidate(s), and/or

- the index of the first CCE from at least one of the PDCCH candidates.

The PUCCH resource set which said PUCCH resource belongs to may be determined

according to any method provided in the NR specifications.

In an exemplary embodiment, when there are two or more PDCCH candidates which are
associated with the same DCI or the same DCI content, and the two or more PDCCH
candidates are from one or more search space sets in at least two different CORESETS, the
PUCCH resource or the index of the PUCCH resource is determined from the number of CCEs
in the CORESET with the lowest ID or highest ID value. The CORESET with the lowest or

highest ID value may be considered as the ‘default CORESET’ here for the transmission of the
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DCI, or the PUCCH resource determination for the transmission of UCI. For example, if the
two or more PDCCH candidates are associated with search space sets in two CORESETs
whose ID values are C; and C,, with ¢; < C,, the PUCCH resource is determined using the
number of CCEs in CORESET (C;. In some examples, when CORESET 0 is one of the at least
two different CORESETS, this CORESET is the ‘default CORESET’ for the determination of
the PUCCH resource for the uplink transmission of the UCI. Note that CORESET 0 is a special
CORESET that can be used for transmitting system information from a network node or gNB
to the UE.

In an exemplary embodiment, the at least two different CORESETs may comprise at least one
CORESET that is not associated with a CORESETpoollndex value. In such a case, the
PUCCH resource is determined using the number of CCEs in the CORESET configured
without a CORESETpoolindex value among said CORESETSs. In some examples, the PUCCH
resource is determined using the number of CCEs in the CORESET with the lowest ID or
highest ID value from the CORESETs configured without a CORESETpoolindex value if
multiple CORESETs without CORESETpoollndex value are present among said CORESETSs.
Note that the CORESETpoolindex value may be used in multi-TRP scenarios where the
association of a CORESET with a given CORESETpoollndex value, or the lack of an
association of a CORESET with a CORESETpoolindex value, may determine an associated
TRP of a CORESET. When one or more CORESET(s) is/are associated with
CORESETpoolindex 0 or not associated with any CORESETpoollindex value, it may mean that
the one or more CORESET(s) is/are associated with a first TRP. In such a case, the first TRP

is chosen as the default TRP for the DCI transmission or the PUCCH resource determination.

In an exemplary embodiment, each CORESET of the at least two different CORESETSs is
associated with a CORESETpoolindex value. Then, the PUCCH resource is determined from
the number of CCEs in a CORESET configured with CORESETpoolindex value 0 among said
CORESETSs. In some examples, the PUCCH resource is determined using the number of
CCEs in the CORESET with the lowest or highest ID value among the CORESETSs configured
with CORESETpoolindex value 0 if multiple CORESETSs with CORESETpoolindex value 0 are
present among said CORESETSs. In another example, the ‘default TRP’ (the first TRP in this
case) is essentially chosen based on the lowest CORESETpoolindex value among said
CORESETSs, i.e.,, the number of CCEs from a CORESET configured with the lowest

CORESETpoolindex value is chosen for the PUCCH resource determination.

In an exemplary embodiment, when there are at least two PDCCH candidates which are

associated with the same DCI or DCI content and the at least two PDCCH candidates are from
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one or more search space sets in one or more CORESETSs, the PUCCH resource or index of
the PUCCH resource is determined from the index of the first CCE of a PDCCH candidate
associated with the CORESET from which the number of CCEs were obtained for the
determination of the PUCCH resource. In the case that there are multiple PDCCH candidates
that are associated with said DCI on said CORESET, the PUCCH resource is determined from
the index of the first CCE of the PDCCH candidate with the lowest or the highest PDCCH
candidate index, or from the PDCCH candidate with the lowest or the highest value for the
index of the first CCE from said PDCCH candidates.

A generalization of the above method would be to determine a PDCCH candidate for the
PUCCH resource determination without any dependence on the CORESET that is decided to

be used for the same.

In an exemplary embodiment, when there are at least two PDCCH candidates from one or

more search space sets in one or more CORESETs which are associated with the same DCI

or DCI content, the PUCCH resource or index of the PUCCH resource is determined using at

least one of the following values:

- the index of the first CCE of the PDCCH candidate with the lowest PDCCH candidate index
among the PDCCH candidates associated with the DCI, or

- the index of the first CCE of the PDCCH candidate with the lowest value for the index of
the first CCE of the PDCCH candidate among the PDCCH candidates associated with the
DCI.

For the present scheme, there is more scheduling flexibility for the gNB by not rooting the

PDCCH candidate to a specific CORESET.

In addition to the above methods, a combination of multiple values obtained from the
CORESETSs or PDCCH candidates associated with a DCI content to determine the PUCCH
resource for the UCI transmission may be considered to provide additional scheduling flexibility
at the gNB.

In an exemplary embodiment, when there are at least two PDCCH candidates from two or
more search space sets in at least two different CORESETs which are associated with the
same DCI or DCI content, the PUCCH resource or the index of the PUCCH resource used for
the transmission of the UCI is determined based on a scalar function that depends on the
number of CCEs of more than one CORESET from said CORESETS, e.g., the minimum, the
maximum, the average or any other linear function of the number of CCEs of at least two or
more of said CORESETS.
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In an exemplary embodiment, when there are at least two PDCCH candidates from two or
more search space sets in at least two different CORESETs which are associated with the
same DCI or DCI content, the PUCCH resource or the index of the PUCCH resource used for
the transmission of the UCI is determined based on a scalar function that on the indices of the
first CCE of at least two or more of said PDCCH candidates, for e.g., the minimum, the
maximum, the average or any other linear function of the indices of the first CCE of two or
more of said PDCCH candidates.

Miscellaneous issues related to PDCCH repetition

Random access order via PDCCH

For a UE to connect to a network, downlink and uplink synchronization is required. For DL
synchronization, the UE receives and/or decodes a synchronization signal — physical
broadcast channel block, SS/PBCH block or SSB, from a network node or gNB. A random
access procedure may be carried out by the UE and gNB after this step for uplink
synchronization and RRC connection/reconnection, which can be performed in two ways:
contention-based and contention-free. In contention-based random access, the UE choses a
preamble on its own and performs the random access procedure, which may lead to
collision/interference with other UEs. In contention-free random access, the gNB or any other
network node provides the preamble for access to enable the UE to perform the random
access procedure. This enables the random access process initiated by a UE to happen
without any collision/interference from other UEs. The random access step by the UE is
followed by a random access response from the gNB and a few other steps to complete the
uplink synchronization and/or RRC connection/reconnection. The random access procedure
may be associated with a received or decoded SSB or CSI-RS resource, i.e., the settings from
a SSB or CSI-RS resource reception/decoding may be used for transmissions/receptions by
the UE during the random access procedure. When the random access order for a UE to trigger
a contention-free random access is provided via a DCI associated with multiple PDCCH
candidates, conflicts may arise regarding the timeline of the random access procedure or the
quasi-colocation assumptions regarding the PDCCH or the random access response received
in the PDSCH or the PDCCH during the random access procedure. The following methods

can be used for the resolution of the arising conflicts in UE’s decision.

In accordance with embodiments, the UE is not configured to or the UE does not expect to
receive a PDCCH/DCI that is associated with more than one PDCCH candidate with an order

that triggers a contention-free random access. This enables the UE to receive the PDCCH
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providing the random access order with the QCL assumptions of the SSB that it decoded for

random access procedure.

In accordance with embodiments, a UE is configured to receive a PDCCH/DCI that is
associated with more than one PDCCH candidate with an order that triggers a contention-free
random access wherein the QCL assumptions for the reception of all the PDCCH candidates
associated with the DCI are obtained from a SSB or a CSI-RS resource used for or associated
with a random-access procedure, i.e., the PDCCH candidates may be assumed to be quasi-
colocated with said SSB or CSI-RS resource with respect to one or more of the following
parameters: Doppler shift, Doppler spread, average delay, delay spread, spatial RX
parameters. This may mean that the repetition of the random-access order via single TRP. In
one example, the PDCCHs providing the order that triggers the contention-free random access
may belong to the same CORESET. In that case, the association of the PDCCHs with a single

TRP can be ensured.

In accordance with embodiments, a UE is configured to receive a PDCCH/DCI that is

associated with more than one PDCCH candidate with an order that triggers a contention-free

random access wherein the QCL assumptions for the reception of one of the PDCCH

candidates is obtained from a SSB or a CSI-RS resource §; used for or associated with a

random access procedure and the QCL assumptions for the reception of at least one other

PDCCH candidate among the associated PDCCH candidates is obtained from a SSB or CSI-

RS resource S,, different from the resource S;. The SSB or CSI-RS resource S, may be chosen

from one or more of the following:

- a SSB or a CSI-RS resource used for the QCL assumption of the CORESET with the
lowest ID in the active downlink bandwidth part.

- a SSB or a CSI-RS resource provided in the lowest active TCI state in the active downlink
bandwidth part.

- aS8SBor a CSI-RS resource transmitted most recently before or after a certain time ¢'.

- a SSBor a CSI-RS resource used for or associated with a random-access procedure.

The time reference t' may be determined based on at least one of the following:

- aPDCCH/PDCCH candidate or a symbol of a PDCCH candidate on which a message that
triggers a contention-free random access is received,

- asymbol on which one or more physical random access channel transmission is performed
by a UE.

This may enable the association of the PDCCHs carrying the order triggering the random

access with different TRPs. For example, the at least two PDCCHs among the said PDCCHs
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may be associated with two different CORESETSs, which enables configuration of the

transmission of the random-access orders from different TRPs.

In accordance with embodiments, a UE is configured to receive a PDCCH/DCI that is

associated with more than one PDCCH candidate with an order that triggers a contention-free

random access wherein the QCL assumptions for the reception of one of the PDCCH

candidates is obtained from a SSB or a CSI-RS resource S; and the QCL assumptions for the

reception of at least one other PDCCH candidate among the associated PDCCH candidates

is obtained from a SSB or CSI-RS resource §,. The SSB or CSI-RS resources 5; and S, are

chosen from one or more of the following:

- a SSB or a CSI-RS resource used for the QCL assumption of the CORESET with the
lowest ID in the active downlink bandwidth part.

- a SSBor aCSI-RS resource provided in the lowest active TCI state in the active downlink
bandwidth part.

- aSSBora CSI-RS resource transmitted most recently before or after a certain time ¢'.

- a SSBor a CSI-RS resource used for or associated with the random-access procedure.

The time reference may be determined as mentioned before. The resources S; and S, may be

the same or different in this case and they may be chosen from one or more of the choices

provided above.

SRl indication when scheduling PUSCH

When a PUSCH is scheduled using a DCI, an SRS resource indicator (SRI) may be provided
in the DCI and the SRI must be associated with an SRS transmission. When a DCI is
associated with more than one PDCCH candidate, then the SRS resource or SRS resource

set transmission with which the indicated SRI is associated with must be resolved.

In accordance with embodiments, a UE is configured to receive a PDCCH/DCI associated with
more than one PDCCH candidate that schedules at least one PUSCH transmission, wherein
the PDCCH/DCI may comprise at least one SRS resource indicator (SRI) field or at least one
SRI value that is associated with an SRS resource or SRS resource set transmission most
recently transmitted by the UE before a certain time £, wherein £ may be determined based on

at least one of the following:

- the PDCCH candidate or a symbol of the PDCCH candidate that starts or ends the earliest
in time among the PDCCH candidates associated with said DCI,
- the slot in which the PDCCH candidate that starts or ends earliest in time among the

PDCCH candidates associated with said DCI is received.
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In this method, the SRI indicated in the DCI refers to the same SRS resource or resource set

in all the associated PDCCH candidates.

In a different method, the SRI indicated in different DCls may be permitted to indicate different

SRS resources.

In accordance with embodiments, a UE is configured to receive a PDCCH/DCI associated with
more than one PDCCH candidate that schedules at least one PUSCH transmission, wherein
the PDCCH/DCI may comprise at least one SRS resource indicator (SRI) field value or at least
one SRI value that is associated with an SRS resource or SRS resource set transmission most
recently transmitted by the UE before a certain time £, wherein £ may be determined based on

at least one of the following:

- the PDCCH candidate or a symbol of the PDCCH candidate that starts or ends the latest
in time among the PDCCH candidates associated with said DCI,
- the slot in which the PDCCH candidate that starts or ends latest in time among the PDCCH

candidates associated with said DCI is received.

In this case, when PDCCHs associated with the DCI are repeated in different slots or in the
same slot with SRS transmission(s) in between the PDCCHs, the SRI association with the
SRS resource or SRS resource set can be updated between the different PDCCH

transmissions.

Referring to Figure 8, there is provided a method performed by a UE according to some

embodiments previously described: As shown, the method comprises:

(801) receiving from a network node (or gNB), via a higher layer, a configuration of one or
more search space sets which are associated with one or more CORESETS, for one or more
PDCCHs, wherein each search space set comprises a number of PDCCH candidates and
each PDCCH candidate comprises or is made up of a number of resource elements, also
called control channel elements (CCEs) and the UE monitors for one or more DCls of a specific
format or formats as indicated via a higher layer in the configured PDCCH candidates;

(802) wherein a configuration or an indication of an association of one or more said search
space sets with a search space set pool is provided to the UE, wherein at least two PDCCH
candidates from one or more search space sets in the search space set pool are associated
with the same DCI content; and

(803) applying the configuration(s) or indication(s) for receiving one or more PDCCHY(s) on the

search space sets.
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According to an embodiment, the configuration or indication that provides the association of
one or more said search space sets with a search space set pool may be signaled to the UE
via a higher layer from a network node (or gNB) or it is a priori known to the UE, for example,

it is fixed in the specification.

According to an embodiment, the higher layer configuration of a search space set pool includes

a list of identifiers of the search space sets that belong to the search space set pool.

According to an embodiment, the higher layer configuration comprises an index or an indicator,

or an identifier that identifies the search space set pool.

According to an embodiment, the configuration is received, from the network node, in a MAC-
CE message that includes a list of identifiers of the search space sets and optionally a search

space set pool index.

The method further comprises monitoring the at least two PDCCH candidates on one or more
search space sets. The method may further comprise combining or jointly processing at least
two PDCCHs received on said at least two PDCCH candidates to decode the DCI. The
combining or jointly processing of the at least two PDCCH candidates is performed during the
decoding of the DCI.

According to an embodiment, the PDCCH candidates of the search space sets in the search
space set pool that are associated with the same DCI content are of the same aggregation

level or different aggregation levels.

According to an embodiment, the method performed by the UE comprises receiving from the
network node an indication indicating, in the case when multiple PDCCH candidates are
associated with a single DCI, whether each associated PDCCH candidate comprises a part of
the transmit-processed DCI or each associated PDCCH candidate comprises the whole of the

transmit-processed DCI.

According to an embodiment, each search space set is associated with at least one CORESET
and each CORESET is associated with a parameter CORESETpoollndex, and wherein at least
two CORESETSs associated with two different search space sets in the search space set pool

are configured with different values of the parameter CORESETpoollndex.

According to an embodiment, a value of at least one of the following parameters configured

for a search space set is identical to the corresponding parameter configured for another
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search space set: search space type, DCI format(s) to be monitored, monitoring slot periodicity
and offset, search space duration and downlink bandwidth where the frequency domain

resources of the associated CORESET are configured.

According to an embodiment, a method performed by a UE comprises receiving from a network
node, via a higher layer, a configuration of a search space set associated with more than one
CORESET in a serving cell, wherein a configuration or indication of an association of a search
space set with one or more CORESETs may be provided to the UE, wherein the search space
set comprises a number of PDCCH candidates, each comprising one or more CCEs, and
wherein PDCCH(s) associated with said search space set is/are transmitted on one or more
CORESET(s) associated with the search space set and hence, the CCEs corresponding to a
PDCCH candidate in the search space set may be mapped to one or more of the associated
CORESETSs. The method may further comprise, applying the configuration(s) or indication(s)

for receiving one or more PDCCHY(s) on the search space set.

According to an embodiment, the configuration or indication that provides the association of a
search space set with one or more CORESETs may be signaled to the UE via a higher layer
from a network node (or gNB) or it is a priori known to the UE, for example, it is fixed in the

specification.

According to an embodiment, the association of a search space set with two or more
CORESETs may be performed via the higher layer configuration of the search space set, or a
MAC-CE message or via a higher layer information element that that provides a list of

associated CORESETS for a search space set.

According to an embodiment, a method performed by the UE comprises monitoring a set of
PDCCH candidates in one or more CORESETS on an active downlink bandwidth part on each
activated serving cell configured with PDCCH monitoring according to corresponding search
space sets. If a search space set is associated with multiple CORESETS, at least one of the
following parameters of one of the CORESETS is identical to the corresponding parameter of
another CORESET associated with the same search space: the downlink bandwidth part
where the frequency domain resources of the CORESET is configured, or the duration in

number of symbols.

According to an embodiment, the method performed by the UE comprises reporting, to the
network node, the capability of the UE indicating the number of PDCCHs and/or DCls that the

UE is capable in decoding in a slot in a serving cell.
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According to an embodiment, a method performed by a UE comoprises:

- Processing up to A; PDCCH candidates in a slot in a serving cell to obtain up to D; < 4,
DCls (D; and A; may take any suitable values), wherein each DCI is obtained from blind
decoding of a single PDCCH candidate, if:

- the UE is capable of performing blind decoding of each PDCCH candidate
individually, or

- the UE reports the capability for the individual decoding of each PDCCH candidate
to a network node, or

- the configuration of the PDCCH(s) requires individual decoding of each PDCCH
candidate, and

- Processing up to A, PDCCH candidates in a slot in a serving cell to obtain up to D, < 4,
DCls (D, and A, may take any suitable values), wherein each DCI may be decoded from
processing of one or more PDCCH candidates, if:

- the UE is capable of performing decoding of a DCI from one or more PDCCH
candidates, or

- the UE reports, to a network node, the capability to perform decoding of a DCI from
one or more PDCCH candidates, or

- the configuration of the PDCCH(s) requires decoding of a DCI from one or more
PDCCH candidates.

According to an embodiment, the PDCCH candidates are configured in a given slot, or in a

given span in a cell, wherein a group g of PDCCH candidates comprises p, > 1 PDCCH

candidates which are associated with the same DCI content.

According to an embodiment, the method performed by the UE may comprises, performing a
number of blind decoding attempts counted for group g in the given slot, or in the given span
in the cell, wherein the number of blind decoding attempts is one of the following:

- one blind decoding attempt,

- anumber s, of blind decoding attempts, wherein s; is less or equal to the number of

PDCCH candidates in said group g.

According to an embodiment, the method performed by the UE may comprise, reporting to the

network node, one of the following:

- anumber of monitored PDCCH candidates and/or a number of monitored CCEs and/or a
number of blind decoding attempts with respect to the group of PDCCH candidates that

are associated with the same DCI content;
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- anindex or a parameter that indicates a number of monitored PDCCH candidates and/or
a number of monitored CCEs and/or a number of blind decoding attempts with respect to

the group of PDCCH candidates that are associated with the same DCI content.

Additional actions performed by the UE have already been described.

Referring to Figure 9, there is provided a method performed by a network node or gNB
according to some embodiments previously described: As shown, the method comprises:
(901) transmitting to a UE, via a higher layer, a configuration of one or more search space (SS)
sets which are associated with one or more CORESETS, for one or more PDCCH(s), wherein
each search space set comprises a number of PDCCH candidates and each PDCCH
candidate comprises or is made up of a number of CCEs, for enabling the UE to monitor one
or more DCls of a specific format or formats as indicated via a higher layer in the configured
PDCCH candidates;

(902) wherein a configuration or an indication of an association of one or more of said search
space sets with a search space set pool is provided to the UE, wherein at least two PDCCH
candidates from one or more search space sets in the search space set pool are associated

with the same DCI content.

As previously described, when the network node or gNB transmits the configuration(s) to the
UE, the UE applies the configurations for receiving one or more PDCCHs on the search space
sets, transmitted by the network node. Additional actions performed by the network node or

gNB have already been described.

According to an embodiment, a method performed by a network node comprises transmitting
to a UE, via a higher layer, a configuration of a search space set wherein the search space set
is associated with more than one CORESET in a serving cell, wherein a configuration or
indication of the association of the search space set with one or more CORESETS is provided
to the UE, wherein the search space set comprises a number of PDCCH candidates, each
comprising one or more CCEs, and wherein PDCCH(s) associated with said search space set
are transmitted on one or more CORESET(s) associated with the search space set and hence,
the CCEs corresponding to a PDCCH candidate in the search space set may be mapped to

one or more of the associated CORESETSs.

As previously described and according to an embodiment, a method performed by the network
node may comprise receiving from the UE a report including a parameter that indicates

whether the UE is capable of individual/selective decoding and/or joint/combined
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decoding/processing of PDCCH candidates that are associated with the same DCI or the same
DCI content. For example, the parameter may be titled
‘decodingDClfromMultiplePDCCHcandidates and the values taken maybe ‘selection,

‘combining’ or ‘selectionAndCombining’.

The method performed by the network node may further comprise receiving from the UE, in
the report or in another report, a parameter that indicates the number of PDCCH candidates it
may combine/jointly process to perform blind decoding in search of a valid DCI when multiple
PDCCH candidates may be associated with the same DCI or same DCI content. For example,
the parameter may be titled ‘numberOfBDPDCCHcandidatesForCombinedDecoding’ and may

take an integer value, e.g., 1,2, 4.

The method performed by the network may further comprise receiving from the UE, in the
same report or in another report, a parameter that indicates the number of PDCCH candidates
it may attempt to blindly decode individually to obtain a DCI when multiple PDCCH candidates
may be associated with the same DCI or same DCI content. For example, the parameter may
be titled ‘numberOfBDPDCCHcandidatesForSelectiveDecoding’ and may take an integer

value, e.g., 1,2, 4.

The method performed by the network may further comprise receiving from the UE, in the
report or in another report, a value or which method of counting the PDCCH candidates or
blind decoding attempts applies to the UE.

Additional actions performed by the network node have already been described.

In order to perform the previously described process or method steps performed by the UE
there is also provided a UE. Figure 10 illustrates a block diagram depicting a UE. The UE 1000
comprises a processor 1010 or processing circuit or a processing module or a processor or
means 1010; a receiver circuit or receiver module 1040; a transmitter circuit or transmitter
module 1050; a memory module 1020, a transceiver circuit or transceiver module 1030 which
may include the transmitter circuit 1050 and the receiver circuit 1040. The UE 1000 further
comprises an antenna system 1060 which includes antenna circuitry for transmitting and
receiving signals to/from at least the network node. The antenna system employs beamforming

as previously described. The actions performed by the UE have already been described.

The UE 1000 may belong to any radio access technology including 4G or LTE, LTE-A, 5G,

advanced 5G or a combination thereof that support beamforming technology. The UE
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comprising the processor 1010 and the memory 1020 contains instructions executable by the
processor 1010, whereby the UE 1000 is operative to perform any one of the embodiments

related to the UE previously described.

The processing module/circuit 1010 includes a processor, microprocessor, an application
specific integrated circuit (ASIC), field programmable gate array (FPGA), or the like, and may
be referred to as the “processor.” The processor 1010 controls the operation of the network
node and its components. Memory (circuit or module) 1020 includes a random-access memory
(RAM), a read only memory (ROM), and/or another type of memory to store data and
instructions that may be used by processor 1010. In general, it will be understood that the UE
1000 in one or more embodiments includes fixed or programmed circuitry that is configured to

carry out the operations in any of the embodiments disclosed herein.

In at least one such example, the processor 1010 includes a microprocessor, microcontroller,
DSP, ASIC, FPGA, or other processing circuitry that is configured to execute computer
program instructions from a computer program stored in a non-transitory computer-readable
medium that is in or is accessible to the processing circuitry. Here, “non-transitory” does not
necessarily mean permanent or unchanging storage, and may include storage in working or
volatile memory, but the term does connote storage of at least some persistence. The
execution of the program instructions specially adapts or configures the processing circuitry to
carry out the operations disclosed in this disclosure relating to the UE. Further, it will be

appreciated that the UE 1000 may comprise additional components.

In order to perform the previously described process or method steps performed by the network
node, there is also provided a network node (or gNB). Figure 11 illustrates an exemplary block
diagram of a network node. The network node 1100 comprises a processor 1110 or processing
circuit or a processing module or a processor or means 1110; a receiver circuit or receiver
module 1140; a transmitter circuit or transmitter module 1150; a memory module 1120 a
transceiver circuit or transceiver module 1130 which may include the transmitter circuit 1150
and the receiver circuit 1140. The network node 1100 further comprises an antenna system
1160 which includes antenna circuitry for transmitting and receiving signals to/from at least the
UE. The antenna system employs beamforming as previously described. The actions
performed by the network node have already been described. The network node may also be
viewed as a TRP.

The processing module/circuit 1110 includes a processor, microprocessor, an application

specific integrated circuit (ASIC), field programmable gate array (FPGA), or the like, and may
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be referred to as the “processor.” The processor 1110 controls the operation of the network
node and its components. Memory (circuit or module) 1120 includes a random-access memory
(RAM), a read only memory (ROM), and/or another type of memory to store data and
instructions that may be used by processor 1110. In general, it will be understood that the
network node in one or more embodiments includes fixed or programmed circuitry that is

configured to carry out the operations in any of the embodiments disclosed herein.

In at least one such example, the processor 1110 includes a microprocessor, microcontroller,
DSP, ASIC, FPGA, or other processing circuitry that is configured to execute computer
program instructions from a computer program stored in a non-transitory computer-readable
medium that is in or is accessible to the processing circuitry. Here, “non-transitory” does not
necessarily mean permanent or unchanging storage, and may include storage in working or
volatile memory, but the term does connote storage of at least some persistence. The
execution of the program instructions specially adapts or configures the processing circuitry to
carry out the operations disclosed in this disclosure. Further, it will be appreciated that the

network node may comprise additional components.

The network node 1100 may belong to any radio access technology including 4G or LTE, LTE-
A, 5G, advanced 5G or a combination thereof that support beamforming technology. The
network node comprising the processor and the memory contains instructions executable by
the processor, whereby the network node 1100 is operative to perform any one of the subject-

disclosed in this disclosure related to the network node.

Reference throughout this specification to “an example” or “exemplary” means that a particular
feature, structure, or characteristic described in connection with the example is included in at
least one embodiment of the present technology. Thus, appearances of the phrases “in an
example” or the word “exemplary” in various places throughout this specification are not

necessarily all referring to the same embodiment.

Throughout this disclosure, the word "comprise" or “comprising” has been used in a non-
limiting sense, i.e. meaning "consist at least of". Although specific terms may be employed
herein, they are used in a generic and descriptive sense only and not for purposes of limitation.
The embodiments herein may be applied in any wireless systems including LTE or 4G, LTE-A
(or LTE-Advanced), 5G, advanced 5G, WIMAX, WiFi, satellite communications, TV

broadcasting etc.
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CLAIMS

1.

A method performed by a User Equipment, UE, (1000) the method comprising:

- (801) receiving from a network node (1100), via a higher layer, a configuration of one or
more search space sets which are associated with one or more control resource sets,
CORESETS, for one or more Physical Downlink Control Channels, PDCCHs, wherein
each search space set is associated with a CORESET and comprises a number of
PDCCH candidates and each PDCCH candidate comprises a number of resource
elements or control channel elements, CCEs, and the UE (1000) monitoring for one or
more Downlink Control Information, DCls, of a format or formats as indicated via a
higher layer in the configured PDCCH candidates; wherein

- (802) a configuration or indication of an association of one or more of said search space
sets with a search space set pool is provided to the UE (1000); and wherein at least two
PDCCH candidates from one or more search space sets in the search space set pool
comprise or carry the same DCI content; and

- (803) applying the configuration or indication of the association for receiving one or more

PDCCHs on the one or more search space sets.

The method according to claim 1, wherein the configuration or indication that provides the
association of one or more of said search space sets with a search space set pool is
provided to the UE (1000) via a higher layer from the network node (1100) or it is known to
the UE (1000).

The method according to claim 1 or claim 2 further comprising, combining, and/or
processing together multiple PDCCHs received on different PDCCH candidates during
decoding of said DCI.

The method according to any one of the preceding claims, wherein the PDCCH candidates
of the search space sets in the search space set pool that are associated with the same
DCI content comprise the same numbers of CCEs or different number of CCEs or are

associated with the same aggregation level.
The method according to any one of the preceding claims, wherein the i-th PDCCH

candidates of aggregation level L of the at least two search space sets in the search space

set pool are associated with the same DCI content.
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6.

10.

11

12.

The method according to any one of the preceding claims, wherein the search space sets
in a search space set pool are configured with an identical set of aggregation levels and
an identical number of PDCCH candidates for each aggregation level.

The method according to any one of the preceding claims, comprising, receiving from the
network node (1100) a higher layer indication or configuration that provides an association
of one or more search space sets with a search space set pool wherein a value of at least
one of the following parameters configured for a search space set in said search space
pool is identical to the corresponding parameter configured for another search space set
within said search space set pool: search space type, DCI format(s) to be monitored,
monitoring slot periodicity and offset, search space duration and downlink bandwidth where
frequency domain resources of the associated CORESET are configured.

The method according to claim 1 comprising, monitoring a set of PDCCH candidates in
one or more CORESETSs on an active downlink bandwidth part on each activated serving
cell configured with PDCCH monitoring according to corresponding search space sets.

The method according to claim 1, comprising, configuring the PDCCH candidates in a
given slot, or in a given span in a cell, wherein a group g of PDCCH candidates comprises

py > 1 PDCCH candidates which are associated with the same DCI content.

The method according to claim 9, comprising, performing a number of blind decoding
attempts counted for group g in the given slot, or in the given span in the cell, wherein the
number of blind decoding attempts is one of the following:

- one blind decoding attempt,

- anumber s, of blind decoding attempts, wherein s, is less or equal to twice the number

of PDCCH candidates in said group g.

. The method according to any one of the preceding claims, wherein, if two or more search

space sets are present in a search space set pool, the i-th PDCCH candidates or the
PDCCH candidates with index i of aggregation level L of the at least two search space sets
in the search space set pool are associated with the same DCI or DCI content.

The method according to claim 10 comprising, reporting to a network node or receiving
from the network node via the PHY layer or a higher layer, one of the following:
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one or more values for the number of monitored PDCCH candidates and/or monitored
CCEs and/or blind decoding attempts that are counted towards the UE’s blind decoding
capability with respect to a group of PDCCH candidates that are associated with the
same DCI or DCI content; or

one or more indices or parameters, each of which indicates a number of monitored
PDCCH candidates and/or monitored CCEs and/or blind decoding attempts that are
counted towards the UE’s blind decoding capability with respect to a group of PDCCH
candidates that are associated with the same DCI or DCI content.

13. The method according to any one of the preceding claims, comprising, receiving a
PDCCHY/DCI associated with more than one PDCCH candidate that schedules at least one
PUSCH transmission, wherein the PDCCH/DCI comprises at least one SRS resource

indicator (SRI) field or at least one SRI value that is associated with an SRS resource or

SRS resource set transmission most recently transmitted by the UE before a certain time

t, wherein £ is determined based on at least one of the following:

the PDCCH candidate or a symbol of the PDCCH candidate that starts or ends the
earliest in time among the PDCCH candidates associated with said DCI,

a slot in which the PDCCH candidate that starts or ends earliest in time among the
PDCCH candidates associated with said DCI is received.

14. The method according to any one of the preceding claims, comprising, reporting to the

network node at least one of the following capabilities of the UE:

o one or more values related to number of monitored PDCCH candidates and/or
monitored CCEs and/or blind decoding attempts that may be counted towards
the UE’s monitoring or blind decoding capability with respect to a group of
PDCCH candidates that are associated with the same DCI content,

o adecoding method employed at the UE or the capability of the UE to employ a
certain specific decoding method, which includes one or more of soft-
combining, joint processing, selective decoding to decode a DCI that is
associated with more than one PDCCH candidate

o amaximum number of search space set pools that can be supported in a given
downlink bandwidth part and/or cell

o the maximum number of PDCCH candidates that can be monitored in a slot or
span in a cell if the UE is capable of decoding a DCI associated with more than
one PDCCH candidate, which may be subject to a number of groups of
associated PDCCH candidates in given slot or span,
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o the maximum number of CORESETSs that can contain search space sets that
are associated with search space set pools.

15. A method performed by a User Equipment, UE, (1000) the method comprising:

(801) receiving from a network node (1100), via a higher layer, a configuration of one or
more search space sets which are associated with one control resource set, CORESET,
for one or more Physical Downlink Control Channels, PDCCHs, wherein each search
space set comprises a number of PDCCH candidates and each PDCCH candidate
comprises a number of resource elements or control channel elements, CCEs, and the
UE (1000) monitoring for one or more Downlink Control Information, DCls, of a format
or formats as indicated via a higher layer in the configured PDCCH candidates; wherein
(802) an association of two or more Transmission Configuration Indication, TCI, states
with a single CORESET is obtained from the network node via a PHY-layer indication,
a MAC-CE message, or via a higher layer indication; and

(803) applying quasi-colocation, QCL, assumptions provided in all of the two or more
TCl-states associated with the single CORESET for the reception of at least one
PDCCH on at least one of the search space set(s) in the CORESET during at least one

monitoring occasion.

16. The method according to claim 15, comprising, if during a monitoring occasion in slot n, a

CORESET comprises s, = 1 search space set(s) to be monitored and there are ¢, > 1

TCl-states associated with the CORESET, the UE performing one of the following actions:

applying the QCL assumptions from s,, < s,, TCl-states to s,, search space sets after a
certain ordering of the TCl-states and/or mapping between the TCl-states and the
search space sets for the reception of at least one PDCCH in the s,, search space sets
in the CORESET; or

applying the QCL assumptions from t,, < t, TCl-states to s,, search space sets after a
certain ordering of the TCl-states and/or mapping between the TCl-states and the
search space sets for the reception of at least one PDCCH in the s,, search space sets

in the CORESET, wherein the variables s, t,,, sm, t., take any suitable values.

17. A User Equipment, UE (1000) comprising a processor (1010) and a memory (1020)

containing instructions executable by the processor (1010), whereby said UE (1000) is

configured to perform any one of the subject-matter of method claims 1-16.

18. A method performed by a network node (1100), the method comprising:
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- (901) transmitting to a User Equipment, UE, (1000), via a higher layer, a configuration
of one or more search space sets which are associated with one or more CORESETS,
for one or more PDCCHs, wherein each search space set is associated with a
CORESET and comprises a number of PDCCH candidates and each PDCCH
candidate comprises a number of CCEs, for enabling the UE (1000) to monitor one or
more DCIs of a format or formats as indicated via a higher layer in the configured
PDCCH candidates; wherein

- (902) a configuration or an indication of an association of one or more said search
space sets with a search space set pool is provided to the UE (1000), and wherein at
least two PDCCH candidates from one or more search space sets in the search space
set pool comprise or carry the same DCI content and.

- transmitting to the UE (1000), one or more PDCCHs on the one or more search space

sets.

19. A method performed by a network node (1100), the method comprising:

- transmitting to a User Equipment, UE, (1000), via a higher layer, a configuration of one
or more search space sets which are associated with one CORESET, for one or more
PDCCHs, wherein each search space set comprises a number of PDCCH candidates
and each PDCCH candidate comprises a number of CCEs, for enabling the UE (1000)
to monitor one or more DCls of a format or formats as indicated via a higher layer in
the configured PDCCH candidates; wherein

- an association of two or more Transmission Configuration Indication, TCI, states with
a single CORESET is provided by the network node (1100) to the UE (1000) viaa PHY-
layer indication, a MAC-CE message, or via a higher layer indication for enabling the
UE (1000) to apply quasi-colocation, QCL, assumptions provided in said all of the two
or more TCI states associated with the single CORESET; and

- transmitting to the UE (1000), one or more PDCCHs on the one or more search space

sets.
20. A network node (1100) comprising a processor (1110) and a memory (1120) containing

instructions executable by the processor (1110), whereby said network node (1100) is
configured to perform any one of the subject-matter of method claims 18-19.
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