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System and Method of Waveform Design for Operation Bandwidth
Extension

[0001] This patent application claims priority to U.S. Patent Application Serial No.
14/932,857, tiled on November 4, 2015 and entitled “System and Method of Waveform
Design for Operation Bandwidth Extension”, which claims priority to U.S. Provisional
Application Serial No. 62/141,051, filed on March 31, 2015 and entitled “System and
Method of Waveform Design for Operation Bandwidth Extension,” both of which are hereby

incorporated by reference herein as if reproduced in their entirety.
TECHNICAL FIELD

[0002] The present invention relates to a system and method for wireless
communications, and, in particular embodiments, to a system and method of waveform

design for operation bandwidth extension.
BACKGROUND

[0003] In order to provide high throughput rates to individual mobile devices and further
enhance system capacity, next generation wireless networks are likely to use bandwidth
allocations that are much broader than the 20 megahertz (MHz) carriers used in conventional
Long Term Evolution (LTE) networks. In some cases, the bandwidth allocations may exceed
100 MHz for carriers having center frequencies below or above 6 gigahertz (GHz).
Techniques for supporting such large bandwidth allocations are needed.

[0004] One technique for increasing throughput is carrier aggregation, which uses
multiple carriers to communicate data to a single mobile device. However, conventional
orthogonal frequency division multiplexed (OFDM) carrier aggregation utilizes scalable
sampling frequencies and Fast Fourier Transform (FFT) sizes, meaning that broader
bandwidth allocations utilize higher sampling frequencies and larger FFT sizes, which
increase computational complexity. Additionally, conventional OFDM carrier aggregation
requires that the same sub-carrier spacings are used for each of the aggregated carriers. As a
result, conventional OFDM carrier aggregation may be ill-suited for bandwidth allocations in

excess of 20 MHz.
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SUMMARY OF THE INVENTION

[0005] Technical advantages are generally achieved, by embodiments of this disclosure
which describe system and method of waveform design for operation bandwidth extension.
[0006] In accordance with an embodiment, a method for transmitting signals is provided.
In this example, the method comprises transmitting a first orthogonal frequency division
multiplexing (OFDM)-based signal over a first frequency sub-band of a carrier and a second
OFDM-based signal over a second frequency sub-band of the carrier. The first frequency sub-
band has a first bandwidth and a first numerology based on the first bandwidth. The second
frequency sub-band has a second bandwidth and a second numerology based on the second
bandwidth. An apparatus for performing this method is also provided.

[0007] In accordance with another embodiment, a method for receiving signals is
provided. In this example, the method comprises receiving a first orthogonal frequency
division multiplexing (OFDM)-based signal over a first frequency sub-band of a carrier and a
second OFDM-based signal over a second frequency sub-band of the carrier. The first
frequency sub-band has a first bandwidth and a first numerology based on the first bandwidth,
the second frequency sub-band has a second bandwidth and a second numerology based on
the second bandwidth. An apparatus for performing this method is also provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] For a more complete understanding of the present invention, and the advantages
thereof, reference is now made to the following description taken in conjunction with the

accompanying drawings, in which:

[0009] FIG. 1 illustrates a diagram of an embodiment wireless network;

[0010] FIGS. 2A-2B are diagrams depicting how filtered OFDM (f-OFDM) signals are
generated;

[0011] FIGS. 3A-3B are additional diagrams depicting how f~-OFDM signals are
generated;

[0012] FIG. 4 is a flowchart of an embodiment method for communicating f~OFDM
signals;

[0013]  FIG. 5 is a diagram of a conventional OFDM carrier aggregation format;
[0014] FIG. 6 is another diagram of a conventional OFDM carrier aggregation format;
[0015] FIG. 7 is a diagram of a conventional OFDM extended carrier format;

[0016] FIG. 8 is a diagram of {~-OFDM signals transmitted over consecutive frequency

sub-bands;
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[0017]

FIG. 9 is another diagram of f~-OFDM signals transmitted over consecutive

frequency sub-bands;

[0018]

FIG. 10 is a diagram of a set of predefined carriers types for a cellular

communication system,

[0019]
[0020]
[0021]
format;
[0022]
format;

[0023]

FIG. 11 is a diagram of an embodiment f~-OFDM carrier aggregation format;
FIG. 12 is a diagram of another embodiment {~-OFDM carrier aggregation format;
FIG. 13 is a diagram of yet another embodiment f~-OFDM carrier aggregation

FIG. 14 is a diagram of yet another embodiment f~-OFDM carrier aggregation

FIG. 15 is a diagram of a set of predefined carrier types for a millimeter wave

(mmW) communication system;

[0024]

FIG. 16 is a diagram of a set of predefined sub-band types for a mmW

communication system,

[0025]
format;
[0026]
format;
[0027]
[0028]
[0029]

FIG. 17 is a diagram of yet another embodiment f~-OFDM carrier aggregation

FIG. 18 is a diagram of yet another embodiment f~-OFDM carrier aggregation

FIG. 19is a diagram of an embodiment processing system; and

FIG. 20 is a diagram of an embodiment transceiver.

Corresponding numerals and symbols in the different figures generally refer to

corresponding parts unless otherwise indicated. The figures are drawn to clearly illustrate the

relevant aspects of the embodiments and are not necessarily drawn to scale.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0030]

The structure, manufacture and use of the embodiments are discussed in detail

below. It should be appreciated, however, that the present invention provides many

applicable inventive concepts that can be embodied in a wide variety of specific contexts.

The specific embodiments discussed are merely illustrative of specific ways to make and use

the invention, and do not limit the scope of the invention. As referred to herein, a frequency

sub-band may include an entire carrier, or a portion of a carrier. Hence, different frequency

sub-bands may be different carriers, or portions of the same carrier.

[0031]

As mentioned above, conventional OFDM carrier aggregation utilizes scalable

sampling frequencies and FFT sizes. As a result, conventional OFDM carrier aggregation

may be ill-suited for bandwidth allocations in excess of 20 MHz, as the high sampling
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frequencies and large FFT sizes required to support such large bandwidth allocations may
significantly increase the implementation complexity of conventional OFDM carrier
aggregation. Also, conventional OFDM carrier aggregation requires that the same physical
layer parameters are used to communicate OFDM signals over a given carrier. The set of
physical layer parameters used to communicate a signal are collectively referred to as the
“numerology” of the signal, and may include a combination, or subset, of a transmission time
interval (TTI) used to transmit the signal, a symbol duration of symbols carried by the signal,
a cyclic prefix (CP) length of symbols carried by the signal, and/or a sub-carrier spacing
between sub-carrier frequencies over which the signal is transmitted. Different physical layer
parameters may be better suited for communicating different traffic types. For example, a
short TTI may reduce latency and therefore be better suited for delay-sensitive traffic. A
longer TTI may reduce scheduling signaling overhead and therefore be better suited for delay
tolerant traffic. Because conventional OFDM carrier aggregation uses the same numerology
for all signals communicated over a given carrier, a network and/or user may experience a
reduction in bandwidth utilization efficiency and/or performance when conventional OFDM
carrier aggregation is used to transport different traffic types over the same carrier. Moreover,
conventional OFDM carrier aggregation relies on a guard band that is at least fifty multiples
of the sub-carrier spacing to mitigate inter-carrier interference, which adds significant
overhead to the signals. Accordingly, an efficient alternative to conventional OFDM carrier
aggregation is desired.

[0032] Embodiments of this disclosure use different numerologies to communicate f-
OFDM signals or single carrier frequency division multiple access (SC-FDMA) signals over
different frequency sub-bands of a given carrier, which allows the {~OFDM or SC-FDMA
signals to efficiently support diverse traffic. For example, delay sensitive traffic (e.g., voice,
mobile gaming) may be communicated over an f~-OFDM signal with a relatively short TTI to
reduce latency, and delay tolerant traffic (e.g., email, text messages) may be communicated
over an f~OFDM signal with a relatively long TTI to improve bandwidth utilization efficiency.
Additionally, the pulse shaping digital filter used to generate f~-OFDM signals may allow the
receiver to mitigate interference between adjacent f~OFDM signals upon reception, thereby
allowing f~-OFDM signals to be communicated over consecutive carriers without relying on a
guard band. In some embodiments, the numerology of an f~OFDM or SC-FDMA signal
depends on a bandwidth of the frequency sub-band over which the f~OFDM or SC-FDMA
signal is transmitted. For example, f~-OFDM/SC-FDMA signals communicated over wider

frequency sub-bands may typically have wider subcarrier spacings, shorter symbol durations,
-
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shorter TTI lengths and shorter cyclic prefixes than f~OFDM/SC-FDMA signals
communicated over narrower frequency sub-bands. For example, f~OFDM/SC-FDMA
signals communicated over different 20 megahertz (MHz) sub-bands may have different
numerologies. These and other aspects are explained in greater detail below. While much of
this disclosure describes embodiments for communicating f~OFDM signals, it should be
appreciated that those embodiments can also be applied to communicate any OFDM-based

signals, including SC-FDMA signals.

[0033] FIG. 1 is a diagram of a wireless network 100 for communicating data. The
wireless network 100 includes a base station 110 having a coverage area 101, a plurality of
mobile devices 120, and a backhaul network 130. As shown, the base station 110 establishes
uplink (dashed line) and/or downlink (dotted line) connections with the mobile devices 120,
which serve to carry data from the mobile devices 120 to the base station 110 and vice-versa.
Data carried over the uplink/downlink connections may include data communicated between
the mobile devices 120, as well as data communicated to/from a remote-end (not shown) by
way of the backhaul network 130. As used herein, the term “base station” refers to any
component (or collection of components) configured to provide wireless access to a network,
such as an evolved NodeB (eNB), a macro-cell, a femtocell, a Wi-Fi access point (AP), or
other wirelessly enabled devices. Base stations may provide wireless access in accordance
with one or more wireless communication protocols, e.g., long term evolution (LTE), LTE
advanced (LTE-A), High Speed Packet Access (HSPA), Wi-Fi 802.11a/b/g/n/ac. As used
herein, the term “mobile device” refers to any component (or collection of components)
capable of establishing a wireless connection with a base station. The terms “mobile device,”
“user equipment (UE),” and “mobile station (STA)” are used interchangeably throughout this
disclosure. In some embodiments, the network 100 may comprise various other wireless
devices, such as relays, low power nodes, etc.

[0034] f-OFDM signals are generated by applying a pulse shaping digital filter to OFDM
signals. The pulse shaping digital filters used to generate f-OFDM signals are referred to as f-
OFDM filters throughput this disclosure. FIG. 2A is a diagram showing how f~-OFDM signals
are generated by applying f~OFDM filters 201, 202 to OFDM signals 210, 220. As shown,
the OFDM signal 210 spans an N megahertz (MHz) frequency sub-band, and the OFDM
signal 220 spans an M MHz frequency sub-band, where N and M are positive integers, and N
is greater than or equal to M. FIG. 2B is a diagram showing the f~-OFDM signals 211, 221
that result from applying the f~OFDM filters 201, 202 to the OFDM signals 210, 220. In
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some embodiments, the f~OFDM filters 201, 202 produce f-OFDM signals having different
numerologies, in which case the f~-OFDM signal 210 and the f~-OFDM signal 220 exhibit
different numerologies than one another. The numerologies of the {~OFDM signals 211, 221
may depend on the bandwidth of the N MHz frequency sub-band and the M MHz frequency
sub-band, respectively.

[0035] In some embodiments, a single f~-OFDM filter may be used to generate multiple
f~OFDM signals. FIG. 3A is a diagram showing how {~OFDM signals are generated by
applying f~-OFDM filters 301, 302 to OFDM signals 310, 320, 330, 340, 350. FIG. 3B is a
diagram showing the {~OFDM signals 311, 321, 331, 342, 352 that result from applying the f-
OFDM filters 301, 302 to the OFDM signals 310, 320, 330, 340, 350. Specifically, the f-
OFDM signals 311, 321, 331 are generated by applying the f~OFDM filter 301 to the OFDM
signals 310, 320, 330 (respectively), and the f~-OFDM signals 342, 352 are generated by
applying the f~OFDM filter 302 to the OFDM signals 340, 350 (respectively). F-OFDM
signals generated from the same f~OFDM filter may have the same numerology. Thus, the f-
OFDM signals 311, 321, 331 have the same numerology as one another, while the f~-OFDM
signals 342, 352 have the same numerology as one another. F-OFDM signals generated from
different f~OFDM filters may have different numerologies. Thus, the f~-OFDM signals 311,
321, 331 may have a different numerology than the f~OFDM signals 342, 352.

[0036] FIG. 4 is a flowchart of an embodiment method 400 for communicating f~OFDM
signals having different numerologies over different frequency sub-bands, as might be
performed by a transmit point. The transmit point may be any device that transmits wireless
signals, including network-side devices (e.g., base stations) and user-side devices (e.g., UEs).
At step 410, the transmit point generates a first f~-OFDM signal by applying a first f~OFDM
filter to a first OFDM signal. At step 420, the transmit point generates a second f~-OFDM
signal by applying a second f~-OFDM filter to a second OFDM signal. At step 430, the
transmit point transmits the first f~OFDM signal over a first frequency sub-band, while
transmitting the second f~OFDM signal over a second frequency sub-band. The first
frequency sub-band has a different bandwidth than the second frequency sub-band. In some
embodiments, the f~OFDM signals have numerologies based on the bandwidth of the
respective frequency sub-bands over which the {~OFDM signals are transmitted, in which
case the first f~OFDM signal has a different numerology than the second f~-OFDM signal.
[0037] Conventional OFDM carrier aggregation communicates data to a single UE over
multiple carriers to increase the overall throughput provided to the UE. Conventional OFDM

carrier aggregation may also communicate data to multiple UEs over multiple carriers to
-6-
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enhance system capacity. As discussed above, conventional OFDM carrier aggregation
utilizes the same numerology for signals communicated over each of the carriers, and
requires that consecutive carriers be separated by a guard band that is at least fifty multiples
of the corresponding sub-carrier spacing to mitigate interference between the OFDM signals
below a threshold. FIG. 5 is a diagram of OFDM signals 510, 520 transmitted over
consecutive K MHz carriers (K is an integer) in accordance with a conventional OFDM
carrier aggregation scheme. As shown, the K MHz carriers are consecutive carriers in the
frequency domain, and are separated by a guard band 515. Conventional OFDM carrier
aggregation requires that the guard band 515 is at least fifty multiples of a subcarrier spacing
of the K MHz carriers. The guard band 515 mitigates interference between the OFDM signals
510, 520. The relative size of the guard band 515 depends on the bandwidth of the K MHz
carriers. For example, 1.25 megahertz (MHz) OFDM carriers must be separated by a guard
band that is fifty-two multiples of the sub-carrier spacing of the 1.25 MHz carriers, and larger
bandwidth OFDM carriers (e.g., 2.5 MHz, 5 MHz, ... 20 MHz) must be separated by
correspondingly wider guard bands. Conventional OFDM carrier aggregation also requires
that the OFDM signals 510, 520 be transmitted using the same numerologies. Numerologies
for OFDM signals communicated using conventional OFDM carrier aggregation are listed in

Table 1 below:

Channel Bandwidth {MHz} 1,25 2.5 s : ig 13 20
Frame Duration {ms} in
Subframe Duration {ms} ( 1
Sub-carrier Spacing {kHz} is
Sampling Frequency (MM 192 3.84 768 1838 3308 30,72
FFT Size 128 356 512 1G24 1535 2048
Qccugied Sub-tarriers % 151 301 &0t 501 1201
fine. DC sub-carrier}
Guard Sub-carriers 52 108 11 423 835 347
MNumber of Resgure Blocks & 13 35 S8 73 100
Oocupiad Channe e
Sandwidth {hiHz) 1140 18,013
DL Bandwidth Efficiency FEAN EieE
OFDRM Symbols/Sulframe
CP Length {Short (P} {us]
CP Length {Long CP} {um}
TABLE 1
[0038] Conventional OFDM carrier aggregation may also communicate data over non-

consecutive carriers. FIG. 6 is a diagram of OFDM signals 610, 620 are transmitted over non-
consecutive K MHz carriers (K is an integer) in accordance with a conventional OFDM

carrier aggregation scheme. Similar to OFDM signals communicated over consecutive
-7-
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carriers, conventional OFDM carrier aggregation requires that the OFDM signals 610, 620

communicated over non-consecutive carriers use the same numerologies.

[0039] One alternative to conventional OFDM carrier aggregation is to transmit an
OFDM signal over an extended carrier having a bandwidth that exceeds 20 MHz, which is
the largest carrier bandwidth available in fourth generation Long Term Evolution (LTE)
networks. FIG. 7 is a diagram of an OFDM signal 710 transmitted over an L MHz carrier (L
is an integer larger than 20). Although this approach avoids overhead associated with the
guard band utilized in conventional OFDM carrier aggregation, transmitting an OFDM signal
over an extended carrier (e.g., greater than 20 MHz) also has drawbacks, such as requiring a
higher sampling frequency and larger fast Fourier transform (FFT) size. Additionally, an
OFDM signal transmitted over an extended carrier would still utilize a single numerology for
all data carried by the OFDM signal, and would therefore exhibit reduced bandwidth

utilization efficiency and/or performance when carrying different traffic types.

[0040] Embodiments of this disclosure communicate f~-OFDM signals over consecutive
frequency sub-bands that are separated by a guard band that is less than twenty multiples of a
subcarrier spacing of one of the carriers. FIG. 8 is a diagram of f~-OFDM signals 810, 820
transmitted over consecutive frequency sub-bands that are separated by a guard band 815 that
is less than twenty multiples of a subcarrier spacing of one of the frequency sub-bands. In one
embodiment, the guard band 815 is less than or equal to ten multiples of the sub-carrier
spacing of one of the f~OFDM signals 810, 820. In another embodiment, the guard band 815
is less than or equal to five multiples of the sub-carrier spacing of one of the {~-OFDM signals
810, 820. In yet another embodiment, the guard band 815 is less than or equal to three
multiples of the sub-carrier spacing of one of the f~OFDM signals 810, 820. In yet another
embodiment, the guard band 815 is less than or equal to the sub-carrier spacing of one of the

f-OFDM signals 810, 820.

[0041] The f~-OFDM signals 810, 820 may be transmitted to the same receiver (e.g., the
same UE) or to different receivers. The respective frequency sub-bands over which the f-
OFDM signals 810, 820 are transmitted may have the same subcarrier spacing or different
subcarrier spacings. When the respective frequency sub-bands have different subcarrier
spacings, the guard band 815 is less than twenty multiples of the wider of the two subcarrier
spacings. In some embodiments, the guard band 815 is also less than twenty multiples of the

narrower of the two subcarrier spacings. In other embodiments, the guard band 815 is less
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than the wider of the two subcarrier spacings, but greater than twenty multiples of the

narrower of the two subcarrier spacings.

[0042] Embodiments of this disclosure communicate f~-OFDM signals over consecutive
frequency sub-bands that are not separated by a guard band. FIG. 9 is a diagram of {~-OFDM
signals 910, 920 transmitted over consecutive frequency sub-bands that that are not separated
by a guard band. The f~-OFDM signals 910, 920 may be transmitted to the same receiver or to

different receivers.

[0043] In some embodiments, {~OFDM signals are communicated over aggregated
carriers. In such embodiments, there may be a predefined set of carrier bandwidths for a
wireless network, with each carrier bandwidth having one or more predefined numerologies.
FIG. 10 is a diagram of a set of predefined carrier types 1000 for a cellular communication
system. In this example, the set of predefined carriers types 1000 includes a first carrier type
(Type-1) with a 2.5 MHz bandwidth, a second carrier type (Type-2) with a S MHz bandwidth,
a third carrier type (Type-3) with a 10 MHz bandwidth, and a fourth carrier type (Type-4)
with a 20 MHz bandwidth. Other examples are also possible. Numerologies for the set of
predefined carrier types 1000 are listed in Table 2.

SC Spacing (kHz) 7.5 7.5 7.5 7.5 15 30 60 120
Carrier Bandwidth
(MHz) 2.5 5 10 15 20 20 20 20
Number of subcarriers | 300 | 600 1200 | 1800 | 1200 600 300 150
FFT Size 512 | 1024 | 2048 | 2048 | 2048 | 1024 512 256
Sampling Frequency
(MHz) 3.84| 7.68 | 1536 | 1536 | 30.72 | 30.72 | 30.72 | 30.72
TABLE 2

[0044] FIGS. 11-14 are diagrams of various f~OFDM carrier aggregation formats
generated from the set of predefined carrier bandwidths 1000. FIG. 11 is a diagram of a 100
MHz f-OFDM carrier aggregation format that includes five 20 MHz carriers that are
consecutive in the frequency domain. FIG. 12 is a diagram of a 100 MHz {-OFDM carrier
aggregation format that includes four 20 MHz carriers, one 10 MHz carrier, and two 5 MHz
carriers that are consecutive in the frequency domain. FIG. 13 is a diagram of a 150 MHz {-
OFDM carrier aggregation format that includes six 20 MHz carriers and three 10 MHz
carriers that are consecutive in the frequency domain. FIG. 14 is a diagram of a 200 MHz {-
OFDM carrier aggregation format that includes ten 20 MHz carriers that are consecutive in

the frequency domain. Embodiment f~OFDM carrier aggregation formats may include any
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combination of predefined carriers. For example, a 50 MHz f~-OFDM carrier aggregation
format may aggregate two 20 MHz bandwidths with a 10 MHz bandwidth. Embodiments
may also carriers with different bandwidths and/or numerologies, such a 40 MHz carrier. In
some embodiments, f~OFDM carrier aggregation is achieved by aggregating multiple
carriers having the same numerology.

[0045] FIG. 15 is a diagram of a set of predefined carrier types 1500 for a millimeter
wave (mmW) communication system. In this example, the set of predefined carrier types
1500 includes a first mmW carrier type (Type-1) with a 1 GHz bandwidth, and a second
mmW carrier type (Type-2) with a 2 GHz bandwidth. Phase noise may be a factor used to
determine the subcarrier spacing in mmW bands. A subcarrier spacing of between 600 KHz
and 10 MHz may be used for mmW bands and/or frequency sub-bands between 6 GHz and
100 GHz. In an embodiment, scalable subcarrier spacing is achieved by using a 1.2 MHz
subcarrier spacing for frequency sub-bands between 6GHz and 28GHz, a 4.8 MHz subcarrier
spacing for frequency sub-bands between 28 GHz and 50 GHz, and a 9.6 MHz subcarrier
spacing for frequency sub-bands between 50 GHz and 100 GHz. Other examples are also

possible. Numerologies for the set of predefined carrier types 1500 are listed in Table 3.

Carrier Bandwidth (GHz) 1 2 1 2 1 2
SC Spacing (MHz) 1.2 1.2 4.8 4.8 9.6 9.6
Number of Subcarriers 750 1500 187.5 375 93.75 187.5
FFT Size 1024 2048 256 512 128 256
Sampling frequency(MHz) | 1228.8 | 2457.6 | 1228.8 | 2457.6 | 1228.8 | 2457.6
TABLE 3
[0046] In some embodiments, mmW carrier types are fragmented into frequency sub-

bands having a smaller bandwidth than the mmW carrier types depicted in FIG. 15. FIG. 16
is a diagram of a set of predefined frequency sub-band types 1600 for a mmW
communication system. In this example, the set of predefined frequency sub-band types 1600
includes a first mmW sub-band type (Type-1) with a 200 MHz bandwidth, a second mmW
sub-band type (Type-2) with a 400 MHz bandwidth, and a third mmW sub-band type (Type-
3) with a 800 MHz bandwidth. Numerologies for the set of predefined frequency sub-band
types 1600 are listed in Table 4.

Sub-band Bandwidth (MHz) 200 400 400 800 800

SC spacing (MHz) 1.2 1.2 4.8 4.8 9.6

-10-



10

15

20

WO 2016/155530 PCT/CN2016/076895

Number of subcarriers 150 300 75 150 75

FFT Size 256 512 128 256 128

Sampling frequency(MHz) 307.2 6144 | 6144 | 12288 1228.8
TABLE 4

[0047] It should be appreciated that the numerologies and sub-band bandwidths listed in

Tables 2-4 are provided as examples, and that embodiments of this disclosure may use
numerologies and/or sub-band bandwidths that are not explicitly listed in those tables. It
should also be appreciated that bandwidths can be fragmented into two sub-bands, each of
which can apply different numerologies.

[0048] FIGS. 17-18 are diagrams of various {~OFDM carrier aggregation formats
generated from the set of predefined sub-band types 1600 depicted in FIG. 16. FIG. 17 is a
diagram of a 2 GHz {~-OFDM sub-band aggregation format that includes five 400 MHz sub-
bands. FIG. 18 is a diagram of a 2 GHz f~-OFDM sub-band aggregation format that includes
four 400 MHz sub-bands and two 200 MHz sub-bands.

[0049] In some millimeter wave communication systems, numerologies may be based on

sub-carrier spacing. Numerologies for such an example are listed in table 5.

SC Spacing (MHz) 1.2 4.8 9.6
Useful Symbol Duration (us) 0.8333 0.208 0.104
CP length (us) 0.208 0.052 0.026
Number of Symbols per TTI 48 192 384
TTI (us) 50 50 50
CP overhead 20.00% 20.00% 20.00%
TABLE 5

[0050] FIG. 19 is a block diagram of an embodiment processing system 1900 for
performing methods described herein, which may be installed in a host device. As shown, the
processing system 1900 includes a processor 1904, a memory 1906, and interfaces 1910-1914,
which may (or may not) be arranged as shown in FIG. 19. The processor 1904 may be any
component or collection of components adapted to perform computations and/or other
processing related tasks, and the memory 1906 may be any component or collection of
components adapted to store programming and/or instructions for execution by the processor

-11-
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1904. In an embodiment, the memory 1906 includes a non-transitory computer readable
medium. The interfaces 1910, 1912, 1914 may be any component or collection of
components that allow the processing system 1900 to communicate with other
devices/components and/or a user. For example, one or more of the interfaces 1910, 1912,
1914 may be adapted to communicate data, control, or management messages from the
processor 1904 to applications installed on the host device and/or a remote device. As another
example, one or more of the interfaces 1910, 1912, 1914 may be adapted to allow a user or
user device (e.g., personal computer (PC), etc.) to interact/communicate with the processing
system 1900. The processing system 1900 may include additional components not depicted in
FIG. 19, such as long term storage (e.g., non-volatile memory, etc.).

[0051] In some embodiments, the processing system 1900 is included in a network
device that is accessing, or part otherwise of, a telecommunications network. In one example,
the processing system 1900 is in a network-side device in a wireless or wireline
telecommunications network, such as a base station, a relay station, a scheduler, a controller,
a gateway, a router, an applications server, or any other device in the telecommunications
network. In other embodiments, the processing system 1900 is in a user-side device
accessing a wireless or wireline telecommunications network, such as a mobile station, a user
equipment (UE), a personal computer (PC), a tablet, a wearable communications device (e.g.,
a smartwatch, etc.), or any other device adapted to access a telecommunications network.
[0052] In some embodiments, one or more of the interfaces 1910, 1912, 1914 connects
the processing system 1900 to a transceiver adapted to transmit and receive signaling over the
telecommunications network. FIG. 20 is a block diagram of a transceiver 2000 adapted to
transmit and receive signaling over a telecommunications network. The transceiver 2000 may
be installed in a host device. As shown, the transceiver 2000 comprises a network-side
interface 2002, a coupler 2004, a transmitter 20006, a receiver 2008, a signal processor 2010,
and a device-side interface 2012. The network-side interface 2002 may include any
component or collection of components adapted to transmit or receive signaling over a
wireless or wireline telecommunications network. The coupler 2004 may include any
component or collection of components adapted to facilitate bi-directional communication
over the network-side interface 2002. The transmitter 2006 may include any component or
collection of components (e.g., up-converter, power amplifier, etc.) adapted to convert a
baseband signal into a modulated carrier signal suitable for transmission over the network-
side interface 2002. The receiver 2008 may include any component or collection of

components (e.g., down-converter, low noise amplifier, etc.) adapted to convert a carrier
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signal received over the network-side interface 2002 into a baseband signal. The signal
processor 2010 may include any component or collection of components adapted to convert a
baseband signal into a data signal suitable for communication over the device-side interface(s)
2012, or vice-versa. The device-side interface(s) 2012 may include any component or
collection of components adapted to communicate data-signals between the signal processor
2010 and components within the host device (e.g., the processing system 1900, local area
network (LAN) ports, etc.).

[0053] The transceiver 2000 may transmit and receive signaling over any type of
communications medium. In some embodiments, the transceiver 2000 transmits and receives
signaling over a wireless medium. For example, the transceiver 2000 may be a wireless
transceiver adapted to communicate in accordance with a wireless telecommunications
protocol, such as a cellular protocol (e.g., long-term evolution (LTE), etc.), a wireless local
area network (WL AN) protocol (e.g., Wi-Fi, etc.), or any other type of wireless protocol (e.g.,
Bluetooth, near field communication (NFC), etc.). In such embodiments, the network-side
interface 2002 comprises one or more antenna/radiating elements. For example, the network-
side interface 2002 may include a single antenna, multiple separate antennas, or a multi-
antenna array configured for multi-layer communication, e.g., single input multiple output
(SIMO), multiple input single output (MISO), multiple input multiple output (MIMO), etc. In
other embodiments, the transceiver 1900 transmits and receives signaling over a wireline
medium, e.g., twisted-pair cable, coaxial cable, optical fiber, etc. Specific processing systems
and/or transceivers may utilize all of the components shown, or only a subset of the

components, and levels of integration may vary from device to device.
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[0054] In accordance with an example of the invention, a system and method for carrier

bandwidth extension is disclosed.

[0055] Example 1: A method for transmitting signals, the method comprising: transmitting, by a
transmit point, a first orthogonal frequency division multiplexing (OFDM)-based signal over a
first frequency sub-band of a carrier and a second OFDM-based signal over a second frequency
sub-band of the carrier, the first frequency sub-band having a first bandwidth and a first
numerology based on the first bandwidth, the second frequency sub-band having a second

bandwidth and a second numerology based on the second bandwidth.

[0056] Example 2: The method of example 1, wherein the first numerology is different than

the second numerology.

[0057] Example 3: The method of example 1, wherein the first OFDM-based signal and the
second OFDM-base signal are filtered orthogonal frequency division multiplexed (f-OFDM)

signals.

[0058] Example 4: The method of example 3, wherein a first filter associated with the first
OFDM-based signal contains at least the first frequency sub-band, and a second filter associated

with the second OFDM-based signal contains at least the second frequency sub-band.

[0059] Example 5: The method of example 1, wherein the first OFDM-based signal and the
second OFDM-base signal are single carrier frequency division multiple access (SC-FDMA)

signals.

[0060] Example 6: The method of example 1, wherein transmitting the first OFDM-based
signal over the first frequency sub-band of the carrier and the second OFDM-based signal over
the second frequency sub-band of the carrier comprises: transmitting a first OFDM-based
symbol over the first frequency sub-band of the carrier and a second OFDM-based symbol over
the second frequency sub-band of the carrier, the first OFDM-based symbol being communicated

during the same time period as the second OFDM-based symbol.

[0061] Example 7: The method of example 1, wherein the first numerology of the first
frequency band is different than the second numerology of the second frequency band such that
the first OFDM-based signal is communicated in accordance with at least one different physical

layer parameter than the second OFDM-based signal.
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[0062] Example 8: The method of example 7, wherein the first OFDM-based signal is
communicated in accordance with a different transmission time interval (TTI) than the second

OFDM-based signal.

[0063] Example 9: The method of example 7, wherein the first OFDM-based signal carries
symbols having a different symbol duration than symbols carried by the second OFDM-based

signal.

[0064] Example 10: The method of example 7, wherein the first OFDM-based signal carries
symbols having a different cyclic prefix (CP) length than symbols carried by the second
OFDM-based signal.

[0065] Example 11: The method of example 7, wherein the first OFDM-based signal and
the second OFDM-based signal are communicated over sub-carriers that have a different

sub-carrier spacing than one another.

[0066] Example 12: The method of example 7, wherein numerologies of the first frequency
band and the second frequency band are based on bandwidths of the respective frequency bands,

the first frequency band having a different bandwidth than the second frequency band.

[0067] Example 13: The method of example 7, wherein the first frequency band and the

second frequency band have the same bandwidth.

[0068] Example 14: The method of example 1, wherein the first frequency band and the
second frequency band are separated by a guard band that is less than or equal to twenty
multiples of a sub-carrier spacing of one of the first frequency band and the second frequency

band.

[0069] Example 15: The method of example 14, wherein the guard band is less than or equal
to ten multiples of the sub-carrier spacing of one of the first frequency band and the second

frequency band.

[0070] Example 16: The method of example 14, wherein the guard band is less than or equal
to five multiples of the sub-carrier spacing of one of the first frequency band and the second

frequency band.

[0071] Example 17: The method of example 14, wherein the guard band is less than or equal
to three multiples of the sub-carrier spacing of one of the first frequency band and the second

frequency band.
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[0072] Example 18: The method of example 14, wherein the guard band is equal to the

sub-carrier spacing of one of the first frequency band and the second frequency band.

[0073] Example 19: The method of example 1, wherein the first frequency band and the
second frequency band are contiguous in the frequency domain such that the first frequency band

and the second frequency band are not separated by a guard band.

[0074] Example 20: The method of example 19, wherein the first frequency band and the

second frequency band have different bandwidths.

[0075] Example 21: The method of example 1, wherein the method further comprises
aggregating the first OFDM-based signal and the second OFDM-based signal into one signal
spanning both the first frequency band and the second frequency band prior to transmitting the

first OFDM-based signal and the second OFDM-based signal.

[0076] Example 22: The method of example 21, wherein a bandwidth of the frequency band
is equal to or greater than 40 megahertz (MHz).

[0077] Example 23: A transmit point comprising: a processor; and a computer readable
storage medium storing programming for execution by the processor, the programming including
instructions to: transmit a first orthogonal frequency division multiplexing (OFDM)-based signal
over a first frequency sub-band of a carrier and a second OFDM-based signal over a second
frequency sub-band of the carrier, the first frequency sub-band having a first bandwidth and a
first numerology based on the first bandwidth, the second frequency sub-band having a second

bandwidth and a second numerology based on the second bandwidth.
[0078] Example 24: A method for receiving signals, the method comprising:

receiving, by a receive point, a first orthogonal frequency division multiplexing (OFDM)-based
signal over a first frequency sub-band of a carrier and a second OFDM-based signal over a
second frequency sub-band of the carrier, the first frequency sub-band having a first bandwidth
and a first numerology based on the first bandwidth, the second frequency sub-band having a

second bandwidth and a second numerology based on the second bandwidth.

[0079] Example 25: The method of example 24, wherein the first numerology is different

than the second numerology.

[0080] Example 26: The method of example 24, wherein the first OFDM-based signal and
the second OFDM-base signal are filtered orthogonal frequency division multiplexed (f~-OFDM)

signals.
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[0081] Example 27: The method of example 26, wherein a first filter associated with the
first OFDM-based signal contains at least the first frequency sub-band, and a second filter

associated with the second OFDM-based signal contains at least the second frequency sub-band.

[0082] Example 28: The method of example 24, wherein the first OFDM-based signal and
the second OFDM-base signal are single carrier frequency division multiple access (SC-FDMA)

signals.

[0083] Example 29: The method of example 24, wherein receiving the first OFDM-based
signal over the first frequency sub-band of the carrier and the second OFDM-based signal over
the second frequency sub-band of the carrier comprises: receiving a first OFDM-based symbol
over the first frequency sub-band of the carrier and a second OFDM-based symbol over the
second frequency sub-band of the carrier, the first OFDM-based symbol being communicated
during the same time period as the second OFDM-based symbol.

[0084] Example 30: The method of example 24, wherein the first numerology of the first
frequency band is different than the second numerology of the second frequency band such that
the first OFDM-based signal is communicated in accordance with at least one different physical

layer parameter than the second OFDM-based signal.

[0085] Example 31: The method of example 30, wherein the first OFDM-based signal is
communicated in accordance with a different transmission time interval (TTI) than the second

OFDM-based signal.

[0086] Example 32: The method of example 30, wherein the first OFDM-based signal
carries symbols having a different symbol duration than symbols carried by the second

OFDM-based signal.

[0087] Example 33: The method of example 30, wherein the first OFDM-based signal
carries symbols having a different cyclic prefix (CP) length than symbols carried by the second

OFDM-based signal.

[0088] Example 34: The method of example 30, wherein the first OFDM-based signal and
the second OFDM-based signal are communicated over sub-carriers that have a different

sub-carrier spacing than one another.

[0089] Example 35: The method of example 30, wherein numerologies of the first

frequency band and the second frequency band are based on bandwidths of the respective
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frequency bands, the first frequency band having a different bandwidth than the second
frequency band.

[0090] Example 36: The method of example 30, wherein the first frequency band and the

second frequency band have the same bandwidth.

[0091] Example 37: The method of example 24, wherein the first frequency band and the
second frequency band are separated by a guard band that is less than or equal to twenty

multiples of a sub-carrier spacing of one of the first frequency band and the second frequency

band.

[0092] Example 38: The method of example 37, wherein the guard band is less than or equal
to ten multiples of the sub-carrier spacing of one of the first frequency band and the second

frequency band.

[0093] Example 39: The method of example 37, wherein the guard band is less than or equal to
five multiples of the sub-carrier spacing of one of the first frequency band and the second

frequency band.

[0094] Example 40: The method of example 37, wherein the guard band is less than or equal to
three multiples of the sub-carrier spacing of one of the first frequency band and the second

frequency band.

[0095] Example 41: The method of example 37, wherein the guard band is equal to the

sub-carrier spacing of one of the first frequency band and the second frequency band.

[0096] Example 42: The method of example 24, wherein the first frequency band and the second
frequency band are contiguous in the frequency domain such that the first frequency band and

the second frequency band are not separated by a guard band.

[0097] Example 43: The method of example 42, wherein the first frequency band and the second
frequency band have different bandwidths.

[0098] Example 44: The method of example 42, wherein a bandwidth of the frequency band is
equal to or greater than 40 megahertz (MHz).

Example 45: A receive point comprising: a processor; and a computer readable storage medium
storing programming for execution by the processor, the programming including instructions to:
receive a first orthogonal frequency division multiplexing (OFDM)-based signal over a first
frequency sub-band of a carrier and a second OFDM-based signal over a second frequency

sub-band of the carrier, the first frequency sub-band having a first bandwidth and a first
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numerology based on the first bandwidth, the second frequency sub-band having a second

bandwidth and a second numerology based on the second bandwidth.

[0099] Although this invention has been described with reference to illustrative embodiments,
this description is not intended to be construed in a limiting sense. Various modifications and
combinations of the illustrative embodiments, as well as other embodiments of the invention,
will be apparent to persons skilled in the art upon reference to the description. It is therefore

intended that the appended claims encompass any such modifications or embodiments.
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CLAIMS:

1. A method for transmitting signals, the method comprising:

transmitting, by a transmit point, a first orthogonal frequency division multiplexing
(OFDM)-based signal over a first carrier of a plurality of aggregated carriers; and

transmitting, by the transmit point, a second OFDM-based signal over a second carrier of
the plurality of aggregated carriers, wherein

the first carrier has a first carrier bandwidth associated with a first set of numerologies,

the second carrier has a second carrier bandwidth associated with a second set of
numerologies,

the first set of numerologies comprises a first numerology associated with a first
sub-carrier spacing and a second numerology associated with a second sub-carrier spacing
different from the first sub-carrier spacing, and

the second set of numerologies comprises a third numerology associated with a third
sub-carrier spacing, and wherein

the first carrier bandwidth is wider than the second carrier bandwidth, and both of the

first sub-carrier spacing and the second sub-carrier spacing are larger than the third sub-carrier

spacing.
2. The method of claim 1, wherein the second carrier has a 5 MHz carrier bandwidth.
3. The method of any one of claims 1 or 2, wherein the first carrier has a carrier bandwidth

larger than 5 MHz, and the first sub-carrier spacing and the second sub-carrier spacing are 30

kHz and 60 kHz, respectively.

4, The method of any one of claims 1 to 3, wherein the first carrier has a 10 MHz, 15 MHz
or 20 MHz carrier bandwidth, and the first set of numerologies further comprises a fourth

sub-carrier spacing of 15 kHz or a fifth sub-carrier spacing of 120 kHz.

5. The method of any one of claims 1 to 4, wherein the first carrier and the second carrier
are separated by a guard band that is less than or equal to twenty multiples of any of the first

sub-carrier spacing, the second sub-carrier spacing, or the third sub-carrier spacing.

6. The method of claim 5, wherein the guard band is less than or equal to: ten multiples of
any of the first sub-carrier spacing, the second sub-carrier spacing, or the third sub-carrier
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spacing; five multiples of any of the first sub-carrier spacing, the second sub-carrier spacing, or
the third sub-carrier spacing; or three multiples of any of the first sub-carrier spacing, the second
sub-carrier spacing, or the third sub-carrier spacing, or wherein the guard band is equal to any of

the first sub-carrier spacing, the second sub-carrier spacing, or the third sub-carrier spacing.

7. The method of any one of claims 1 to 6, wherein the first set of numerologies comprises a
first transmission time interval (TTI) and a second TTI, and the second set of numerologies
comprises a third TTI, and wherein both the first TTI and the second TTI are shorter than the
third TTL

8. A transmit point comprising:

a processor; and

a computer readable storage medium storing programming for execution by the
processor, the programming including instructions to implement steps in accordance with any

one of claims 1 to 7.

9. A method for receiving signals, the method comprising:

receiving, by a receive point, a first orthogonal frequency division multiplexing
(OFDM)-based signal over a first carrier of a plurality of aggregated carriers; and

receiving, by the receive point, a second OFDM-based signal over a second carrier of the
plurality of aggregated carriers, wherein

the first carrier has a first carrier bandwidth associated with a first set of numerologies,

the second carrier has a second carrier bandwidth associated with a second set of
numerologies

the first set of numerologies comprises a first numerology associated with a first
sub-carrier spacing and a second numerology associated with a second sub-carrier spacing
different from the first sub-carrier spacing, and

the second set of numerologies comprises a third numerology associated with a third
sub-carrier spacing, and wherein

the first carrier bandwidth is wider than the second carrier bandwidth, and both of the
first sub-carrier spacing and the second sub-carrier spacing are larger than the third sub-carrier

spacing.

10. The method of claim 9, wherein the second carrier has a 5 MHz carrier bandwidth.
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11. The method of any one of claims 9 or 10, wherein the first carrier has a carrier bandwidth
larger than 5 MHz, and the first sub-carrier spacing and the second sub-carrier spacing are 30

kHz and 60 kHz, respectively.

12. The method of any one of claims 9 to 11, wherein the first carrier has a 10 MHz, 15 MHz
or 20 MHz carrier bandwidth, and the first set of numerologies further comprises a fourth

sub-carrier spacing of 15 kHz or a fifth sub-carrier spacing of 120 kHz.

13. The method of any one of claims 9 to 12, wherein the first carrier and the second carrier
are separated by a guard band that is less than or equal to twenty multiples of any one of the

first sub-carrier spacing, the second sub-carrier spacing, or the third sub-carrier spacing.

14. The method of claim 13, wherein the guard band is less than or equal to: ten multiples of
any of the first sub-carrier spacing, the second sub-carrier spacing, or the third sub-carrier
spacing; five multiples of any of the first sub-carrier spacing, the second sub-carrier spacing, or
the third sub-carrier spacing; or three multiples of any of the first sub-carrier spacing, the second
sub-carrier spacing, or the third sub-carrier spacing, or wherein the guard band is equal to any of

the first sub-carrier spacing, the second sub-carrier spacing, or the third sub-carrier spacing.

15. The method of any one of claims 9 to 14, wherein the first set of numerologies comprises
a first transmission time interval (TTI) and a second TTI, and the second set of numerologies
comprises a third TTI, and wherein both the first TTI and the second TTI are shorter than the
third TTL

16. A receive point comprising:

a processor; and

a computer readable storage medium storing programming for execution by the
processor, the programming including instructions to implement steps in accordance with any

one of claims 9 to 15.
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