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MULTI - CARRI ER  COMMUNI CATI ON SYSTEM [ 0001] This application clains the
benefit of provisional U'S. Application Serial No. 60/568,111 entitled "A
Met hod and Apparatus for Gain Stepping in an OFDM System w th Large
Peak-t o- Avevgages/foswer Ratio,” filed May 3, 2004 and i s pPEPUSESL/H15288

I ncorporated herein. BACKGROUND 1. Fiteld [0002] The present disclosure

rel ates generally to comunication, and nore specifically to techniques for
controlling the gain of a receiver in a comunication system H Background

0003] A mil t1 coiiEONPROPIOR A/RECEIVERTEN Y MU0 ARRIER €1 s 1 or

data transm ssion. ese | ovi ded by orthogonal
frequency division multipl f@&?ﬁ%t i-tone (DMI), or sone

other nmulti-carrier nodulation techniques. OFDM partitions the overall
system bandwi dth into multiple (K) orthogonal frequency subbands, These
subbands ar 80091} CBiis epplicatiens claimsthgrhenefftsof prgvisionalHeb. sAPRbigatinaesial ybband

I s associ at ' k [ { . ts | at a.
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and the K msgstkmtweith Cange iPeslstoaA ecragboRumver Rapeid fidfiled Mayed) @064 endiis e®piohdlgi gnal .

[ 0004] OFDM has cea ain desirable characteristics, including the ability to
conbat  nul (RO BEBPs which are prevalent in a terrestrial comunication
system However, a mmjor drawback pad¢KGRBEND S a hi gh peak-to-average power
ratio (PAPR) for the OFDMsignal, i.e., the ratio of the peak power to the
average powds foFiddéhe OFDM signal can be high. The high PAPR results from

possi bl e i n- e (pr. coher.ent ition_ of |, t ' ey are
I ndependent |[§d@idu|§1%gf§xﬂth9{§%1? Sal&g?rﬁla#egc%?ne{apg' an%%@gﬁ{g#g%rﬁt%a}frﬂ?ﬁg peak
power can bepetifidally Ko tteahaijues €@t @ntroliap thd gaiavelr agecepenin a donrmudidabibn [ 0005]

The hi gh PAPRtfor the OFDM signal normally requires a receiver to have a
system.

II. Background

[0003] A multi-carrier communication system employs multiple carriers for data
transmission. These multiple carriers may be provided by orthogonal frequency
division multiplexing (OFDM), discrete multi-tone (DMT), or some other multi-carrier
modulation techniques. OFDM partitions the overall system bandwidth into multiple
(K) orthogonal frequency subbands. These subbands are also called tones, subcarriers,
bins, and so on. Each subband is associated with a respective carrier that may be
modulated with data. The carriers for the K subbands may be independently modulated
with data, and the K modulated carriers are added together to generate an OFDM signal.
[0004] OFDM has certain desirable characteristics, including the ability to combat
multipath effects which are prevalent in a terrestrial communication system. However,
a major drawback with OFDM is a high peak-to-average power ratio (PAPR) for the
OFDM signal, i.e., the ratio of the peak power to the average power for the OFDM
signal can be high. The high PAPR results from possible in-phase (or coherent)
addition of all the carriers when they are independently modulated with data. In fact, it
can be shown that the peak power can be up to K times greater than the average power
for OFDM.

[0005]  The high PAPR for the OFDM signal normally requires a receiver to have a
larger dynamic range than for other modulated signals such as CDMA in order to handle
the wide fluctuation in the power of a received OFDM signal. The larger dynamic
range can complicate the design of the receiver. The high PAPR also makes it



| arger dynam c range than for other nodul ated signals such as CDVA in order
to handle the wide fluctuation in the power of a received OFDM signal. The
| arger dynamic range can conplicate the design of the receiver. The high
PAPR al so makmes/ime3d0 2005/ 109632 PCT/ US2005/ 015288 2 pbwiukmnge1szgst o
accurately estimate the power of the received OFDM signal. A reasonably
accurate received power estinmate may be needed to operate the receiver at a
proper gain state in order to achieve good perfornmance. [0006] There is

therefore achardging fohscclfdiely Wstib@ehibeOpeert 6 @RNtdceived NOFIM Righl. a A
receiver in a rruigtl -carrier comuni cation system_ SUMVARY [0007] Techni ques
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t he receive € galn steps. Miultiple gain states
are defined [omhsn t ﬁElefsé‘Qelhmefore karbkd ginthe st for ecchsigass taceatred thei gaim ef specific

di screte gain ste specific,range of signal levels for a received
OFDM si gnal re‘{eﬁ’ﬁbﬁ]arp t‘aﬁ?‘%‘%ﬁﬁﬂ‘%ﬁfmm’csﬁ’éw?‘ecel ver includes a detector and a

controller. The detector detects for total received power of the received
OFDM signal, e.g., by conputing the power of the data sanples from an
anal og-to-digital converter (ADC) SRIMMARYing the power. This total

recei ved pomer i ncl udes noi se power_and signal = power, where the si gnal
pover may bd00fdkedlashniapes der santllieg the gaie qfeéeie\?‘é‘def OOV B G eaITIe s near
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signal . | n oditheensbaidkr menyt he adjustedomtdlsctdtegmmdjepstMuﬂtt;ée gainstages archdefinedei ver

n one direction, from _t ain. to at e,
based on 1 ndouBE LR Bedl eriB SERs isdoBisti By h antellic MsPPEA PR 88 §os ¢ e

receiver tosb&@fldﬁﬂg@@fsg@amesélar&arJ&eﬁreea)‘Hmn,mghm(a control l er detects for
| ow total received y conparing the detected total_ received

power agai ndf008] pr ége%newabmemhﬂ@smlwraﬂﬁu@é& dsteqier ashn conteller. e dBpved
pover if thefefeelefist ﬂ)tratlotffl%@éﬁ%%d SPMeLs kg P&%ﬁ}é%tdiﬁnwr&ﬁmol .d%/ gypow

controller transitions to a aln Sstate | w total Tece

i s detected camguting thee giomer of hise data rsmmplesg&bm &t anadogmtohdigital senvdrier (ADEY)

embodi ment s ‘an ﬁ%er%&ﬂé rt}?el Il)oev[/ernaf(hls tétéi recelveﬁ power includes noise power and signal
power, where the signal power may be masked by the noise power if the received
OFDM signal is near or below the noise floor. The total received power is the average
power of the noise and signal instead of the instantaneous power of the noise and signal.
In an embodiment, the controller adjusts the gain of the receiver in one direction, from
the lowest gain state to the highest gain state, based on the detected total received
power. The controller initializes the receiver to the lowest gain state. Thereafter, the
controller detects for low total received power, e.g., by comparing the detected total
received power against a predetermined threshold and declaring low total received
power if the detected total received power is below the threshold. The controller
transitions to a higher gain state if low total received power is detected and maintains
the current gain state otherwise. In other embodiments, the controller may adjust the
gain of the receiver (1) in one direction from the highest gain state to the lowest gain
state or (2) in either direction from the current gain state.
[0009]  Various aspects and embodiments of the invention are described in further

detail below.



gain of the receiver (1) in one direction fromthe highest gain state to the
| owest gain state or (2) in either direction fromthe current gain state.

[ 0009] Various aspects and enbodi nents of the invention are described in
further dei@hdosfe@kawv. WO 2005/ 109632 PCT/ U52005/ 015288 pc3uSkdoknskdsSCRI PTI ON
OF THE DRAW NGS [ 0010] The features amd nature of the present invention wll
becone nore apparent fromthe detail ed description set forth bel ow when
taken in conjunction with the drawings in which |ike reference characters

identify correspondl n Lb I ot of the power
of an OFDM si gnal . %ﬁ W&%ﬁ%éﬁ%ém a receiver in an
O-DM syst em [00i6]013’1“hé: fe%ure% ﬁﬁ%r@o%@%kes&it@ﬂieﬁﬁb@fml@b@@w mERLDHAreH

[0014] FIG shows a bl ock di agram of gain controller. [0015] IG 5
shows a pr oc@@s the rdetailp@ clepaiiption esety doreh b@latVeWh@T takea lﬂe@@ﬂ%ﬁmusﬁlﬂg then
upwar d nechapi I ‘%Fﬁgg I's used
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enbodi nent of00UHsi gFI(}iasthbwbaqbldnef&]blpoaer ofex ©OFDMrsighal.i s not necessarily to

be construed pr ef or vant ageous over ot her odi nents or
desi gns. [00@?2@ GF 8 ag%ﬁ?@fagg@ eV 81 O gﬁ i gnal . The

hori zontal app$3] depRt SSshbived bRRN did3emy 6 4 powdr déigéter.denot es power. For OFDM
up to Kcarriers for the K total frequency subbands nay be independently

nmodul at ed wi [0814lat aFIG Heshawsla backdiagean of gain eongrollgided t oget her to formthe

OFDM si gnal arrier | se), in
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t he OFDM si gogbarg adect@isimny times greater than the average power. The exact
val ue for the PAPR depends on various factors. Furthernore, the PAPR val ue
that is of interest is often not the absol ute peak val ue but sone
statistical value, e.g., th Prﬂ t he i nstant aneous pover
remai ns bel ow 99% of the tine. %I]F‘?Dlg)escrl pti'on herein, the terns "signal

level ", " powmnibEVelthe wdk@Wekémpland is used herein to mean “serving as an example,

F!

instance, or illustration.” Any embodiment or design described herein as “exemplary”
is not necessarily to be construed as preferred or advantageous over other embodiments
or designs.

[0017]  FIG. 1 shows a plot of the power of an OFDM signal. The horizontal axis
denotes time and the vertical axis denotes power. For OFDM, up to K carriers for the K
total frequency subbands may be independently modulated with data. The modulated
carriers are added together to form the OFDM signal. The modulated carriers may add
coherently (i.e., in-phase), in which case the OFDM signal will have a large amplitude.
The peak power of the OFDM signal can be many times greater than the average power.
The exact value for the PAPR depends on various factors. Furthermore, the PAPR
value that is of interest is often not the absolute peak value but some statistical value,
e.g., the PAPR value under which the instantaneous power remains below 99% of the

1,, [13

time. In the description herein, the terms “signal level”, “power level”, “power”, and
“amplitude” are used interchangeably.

[0018] A receiver in an OFDM system is typically required to operate under
stringent operating conditions. First, the receiver needs to handle the relatively high
PAPR of an OFDM signal, which may be 10 to 15 decibels (dB) for a typical OFDM
system. Second, the receiver often needs to support high data rates, which require high
signal-to-noise-and-interference ratios (SNRs). For example, the highest data rate may

require an SNR of 25 dB or more. Third, the receiver may receive the OFDM signal



"anplitude" are used interchangeably. [0018] A receiver in an OFDM systemis
typically required to operate under stringent operating conditions. First,
the receiver needs to handle the relatively high PAPR of an OFDM si gnal ,
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bet ween the%éuan%ii}%firgq] nol sg, and th(gyrnmal rnO| S(ta. F!ot?) an G:Dlwlsystg%vm'th
ASi gnal = 90e dBghipAPRnated Bs:d13, SNR, = 25, and ANoi se = 10, the total
dynam c range for the receiver (which is also the required dynam c range

for the ADC with any \@gain I y much as 140 dB. 0] An
ADC usual | y does mhé\? 1%%??@%%%%@5 g%gdver the total dyn%q(")@i range
for the receiver. For exanple, the ADC may have only 40 to 60 dB of dynam c

range. Two ' - i : e & $R g6 thEl T St
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i nput approxi mately. . )
thermal noise. For an OFDM system with ASignal=90 dB, PAPR =15 dB,

SNR, .. =25, and ANoise =10, the total dynamic range for the receiver (which is also

the required dynamic range for the ADC without any gain control) may be as much as
140 dB.
[0020] An ADC usually does not have sufficient range to cover the total dynamic
range for the receiver. For example, the ADC may have only 40 to 60 dB of dynamic
range. Two techniques may be used to reduce the required ADC range. First, the
received OFDM signal may be amplified with one or more continuously variable gain
amplifiers (VGAs) to maintain the signal level at the ADC input approximately
constant. Continuous VGAs are often complex to design, have poor linearity over a
large gain range, and may need to be characterized (e.g., for gain versus control voltage)
to achieve good performance. Second, the received OFDM signal may be amplified
with one or more discrete gain blocks to maintain the signal level at the ADC input
within a predetermined range that is a fraction of the total dynamic range. The ADC is
then relied upon to handle signal variation within the predetermined range. Discrete
gain blocks are often simpler to design and easier to operate than continuous VGAs.
[0021] FIG. 2 shows a block diagram of a receiver 200 suitable for use in an OFDM
system. Within receiver 200, a low noise amplifier (LNA) 212 receives and amplifies

an input radio frequency (RF) modulated signal with a gain of Gy, selected by a gain



constant. Continuous VGAs are often conplex to design, have poor linearity
over a large gain range, and may need to be characterized (e.g., for gain
versus control voltage) to achieve good perfornmance. Second, the received
OFDM si gn o5 Bsszampl ified with one or nore discret ep(gaugmdzmgzks to

mai nt ai n e signal |level at the ADC knput w thin a predeterm ned range
that is a fraction of the total dynamic range. The ADC is then relied upon
to handl e signal variation within the predeterm ned range. Discrete gain
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i npl enent ed aﬂﬁﬁﬁvﬁe 51%1&91@[‘?’ £ wave (SAW filter or sone other filter.
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filter 214 WWa22] a g%lrmemer @!g'alrméttm@ﬁ adsupyr- lgm:rndmnarphitelcmre 284 dirgadtopr ovi des
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ar chi t ect ur gignlhe ficgidhc Bﬁwﬁadwb@éde@l matigle atages; efg, efﬁcitﬂm'ytockﬂviméﬁﬁwi‘ﬁté ed in
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circuit bl ocks and/o i fferent rrent For arity, the
Fol | ow ng. e porihanC KEpflciel R} e Bl kB oS B ik ot o33 A
m xer 218 regeiiveguidditerhs. Wy,dﬁw\twemt@descﬂﬂﬁanmhﬁd cﬁtécﬂa-tials@ﬁﬁdi from
VGA 216 with a local oscillator (LO signal froman LO generator 220 and
provi des a drRHESHGer t ed si gnal . The frequency of the LO signal is selected
such that g3 gnﬁlng%lg@l nt%ﬁgé\éérsQn@@re@?en%?%@&ﬁéon%rté e Shfptitiel RF signal

downconverted to bas
from VGA 216 with a local oscillator (LO) signal from an 1.O generator 220 and

provides a downconverted signal. The frequency of the LO signal is selected such that
the signal component in an RF channel of interest is downconverted to baseband or near
baseband. A lowpass filter 222 filters the downconverted signal to pass the signal
components in the RF channel of interest and to remove noise and undesired signal
components that may have been generated by the downconversion process. An
amplifier (AMP) 224 amplifies the signal from lowpass filter 222 with a gain of Gump
and provides an analog baseband signal. An ADC 226 digitizes the analog baseband
signal and provides data samples to a digital signal processor (DSP) 230. DSP 230
performs digital signal processing (e.g., OFDM demodulation, decoding, and so on) on
the data samples, as specified by the system.

[0024] A main controller 240 directs the operations of various processing units
within receiver 200. A memory unit 242 stores data and program codes for main
controller 240.

[0025]  FIG. 2 shows a specific design for receiver 200. In general, a receiver may

perform signal conditioning using one or more stages of amplifier, filter, mixer, and so



baseband. A | owpass filter 222 filters the downconverted signal to pass the
signal conponents in the RF channel of interest and to renove noi se and
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domconverﬁ,bozgogglrﬂg&§§s. An anplifier (AVP) 224 anplifi@srgdeosmingeal from
| owpass filter with a gain of Ga,gp and provides an anal og baseband
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234 control [0029] gi'ii'ﬁm ovéralllpain ofaedehrlet ﬁommhylb@hdjciné% inhilinN:cAdtg %ai[n mt\e;pnba'sedé ei vgr
200. These variable gain circuit cks o ude , an
i T1er® )58 an gutognlashinopie (AU Mele M) Sh raREEY Bh PP s
circuit bl ogiSretQva&: :Ei&lx%a’in $thD) cdi‘ﬁgpqﬂh§€b E"ﬁiﬁ‘&éﬁtr@’ehﬂ?ld%ailﬁ AT obthme@ver al |

gain of receiver 200 nmay be adjusted in discrete gain steps based on an
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gain circuit blocks within the receiver. For exanple, the overall gain
(Got,) for the rgetGel +@Y H6, exm pgssed as: GW = Gma + Gv,sa Edx2p +
Gahe+ , Eq (2) where Gaa, G a,, and Gap are the gains for LNA 212, VGA
216, and anplifier 224, respectively, and Gothis the gain for all other
circuit bl ooHerd Gui Kk eadkOus patthe gainsofor LNA AL YOA. 2Ithand aimpifien 224gi ven in

uni t5 of I8 B, hfflol )i 08P r TSl PURSE: HRIR T bR\ EMpatiopigeg0nd to

ADC 226. The gains are given in units of dB in equation (2).

[0028] The lowest gain state may correspond to the lowest overall gain for the
receiver, which may be obtained with the lowest gain settings for LNA 212, VGA 216,
and amplifier 224. The highest gain state may correspond to the highest overall gain for
the receiver, which may be obtained with the highest gain settings for LNA 212, VGA
216, and amplifier 224. Other gain states correspond to different overall gains obtained
with different combinations of gain settings for LNA 212, VGA 216, and amplifier 224.
The overall gain for each gain state is typically distributed across the circuit blocks in a
manner to achieve good performance in terms of linearity, dynamic range, sensitivity,
and so on. The gain setting for each circuit block for each gain state may be stored in a
look-up table.

[0029]  The number of gain states (M) is determined by various factors such as, for
example, the total dynamic range for the receiver, the dynamic range of the ADC, the
desired operating characteristics for the AGC loop, and so on. The dynamic range of
the ADC is determined by the type and the design of the ADC selected for use and is
typically fixed. If the total dynamic range is very large (e.g., up to 140 dB for the
example described above) compared to the dynamic range of the ADC, then many gain

states may be needed.



receiver, which may be obtained with the | owest gain settings for LNA 212,
VGA 216, and anplifier 224. The highest gain state may correspond to the
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subrange of 1) HEabOpdRerd 18 ddth SarhNbhrod YABA1206 aAN Gfovidel e Betage PoREr gai n
state may cover a subrange of 20 to 60 dB, the next |l ower gain state may

cover a subhahtregait cagralBr 234.8GaitBrontmblersBowlectsrbe prrper gsipstatgyfarihsst at e
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I'n-one gain'stat&s at any given nonent. The

current gai detsinghé th@gainaettiapentied fasthel eisant tlecks e thevcuPentepindedte .oy 232
determ nes _the aver%%i power of the data sa%%se fror’rf ADC 2%}% and provi des

the aver agePp§hen the ol tabley and, proyides Hie pp CHIRIs I8 EY Be188ps I8y

sel ects theREOQRYBRRs BitAL Besd BateliBBtingseCcei ver based on the average power
and the current gain state. Gain controfler 234 determ nes the gain

settings tolWse] f orA vieditsctionsl or bboditectibual gatmeselagtiore meckpmism sragitbe vged g.

based on g, LAgl HP 3R oJuif MhP R bIoRebil. SAPLORARS RSl Lh oet the
transition from the current gain state to either a higher gain state or a lower gain state.
For the bi-directional mechanism, the power detector typically detects for.two
conditions: (1) high signal or saturation and (2) low or no signal. The bi-directional
mechanism selects a lower gain state if high signal/saturation is detected, selects a
higher gain state if low/no signal is detected, and maintains the current gain state
otherwise. A uni-directional mechanism can transition from the current gain state to
another gain state in a specified direction. For a downward mechanism, the power
detector typically detects for the high signal/saturation condition. The downward
mechanism selects a lower gain state if high signal/saturation is detected and maintains
the current gain state otherwise. For an upward mechanism, the power detector
typically detects for the low/no signal condition. The upward mechanism selects a
higher gain state if low/no signal is detected and maintains the current gain state
otherwise. The uni-directional mechanism is typically faster than the bi-directional
mechanism because only one condition is detected for the uni-directional mechanism
whereas two conditions are detected for the bi-directional mechanism.

[0033] For both the uni-directional and bi-directional mechanisms, the amount of

time needed to select the proper gain state is largely dependent on how quickly the



these circuit blocks to the designated settings. [0032] A uni-directional or
a bi-directional gain selection nechanism my be used to select the proper
gain state for the receiver. A bi-directional mechanismcan transition from
the current gain state to either a higher gain state or i n state.
For the biWaR¥ede%¥nal nechani sm t heg power det ect or tf&?édas?%hhsg?&lects for
two conditions: (1) high signal or saturation and (2) low or no signal. The
bi -directional nechanismselects a |lower gain state if high

signal /saturation is.detected, select hi.gher | I £ o0 signal
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signal is dRTERERN SR SPNOOPRE SHE®SUr rent gain state otherwise. The
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mechani sm because only one condition is detected for the upi-directional
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desired condi tion(s an.be accurately detected. |n jman , . th

det ecti on oFortf'r‘iléné% %“Iiargi ﬁlﬁﬁfag?rﬁwrbnsi}gﬁ%f’ %ha‘@aw%‘e‘ﬁémé ch
faster thanakde, del sshdraietedior ishigply lnfsakuies feGidie 16@NdiTHe Power lABtect@nsaN f Or
this is because it 1s usually harder to determ ne the absence of sonething

than the prewssedener nuseier sbéata samples taidpiermiag feroisetryter sise thediRTeal si gnal
has sim ! ar ReRdnkPadas Rty FISHAT IRPATR Sﬁhéﬁgggfi@? ;S since, in the
I gnal, oOn ed.

absence of a's y noise I's detect wever, an OFDM si gnal
has a | ar ge[(R3FR t Fat OFDMf therpowec deteetbgean ddient thd tneal RAGHReaf paviee afidhese. The
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received power includes noise power and signal power, where the signal power may be

masked by the noise power if the received OFDM signal is near or below the noise
floor. This total received power is also the average power of the noise and signal
instead of the instantaneous power of the noise and signal. The power detector may
compare the total received power against a predetermined threshold and declare low
total received power if the total received power is below the threshold. The threshold
may be set at a short distance above the noise floor so that the power detector is
essentially detecting for noise (or the low/no signal condition) because the high PAPR
of the OFDM signal can easily push the total received power above the threshold when
the OFDM signal is near this threshold.

[0036] In an embodiment, an upward uni-directional gain selection mechanism is
used to select the proper gain state for the receiver. This upward mechanism starts at
the lowest gain state, detects for low total received power condition, transitions to a
higher gain state whenever this condition is detected, and resets to the lowest gain state
whenever a reset condition is detected. The upward mechanism can reduce the amount

of time needed to select the proper gain state because the detection of low total received



needs to average a |l arge nunber of data sanples for the OFDM signal before
it can confidently declare high signal/saturation. On the other hand, with
the OFDM signal absent, the power detector sinply neasures the noise |evel.
The power det ec}gr can average fewer nunber of data sag@h@30065015888t er m ne
the noi se PO %tce the PAPR of the thermal noise is nmuch less than the
PAPR of the OFDM signal. [0035] For OFDM the power detector can detect the
total received power of the received OFDM signal, e.g., based on the data
sanpl es fr OP&JJ&Q%anA‘@Qa HiBledl faStbAthan IHRCHRtLAGh BPWEBH sidhel/4lgsidCinSm OPBRY and

si gnal power, where tﬁe signal power may be nmasked by the noise power if
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signal is near thisg threshold. [0Q36] In enbqdi men n u
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state for tBeyRAQNedes alfbiver VEWSToH eABAGRAPIeeTi6d, 3vHich by bé Eprésesst gai n
state, detects for low total received power condition, transitions to a

hi gher gain state vvhengver tpi s condition is detected, and resets to the

| owest gain stat @mwhBnéverDgmeset condition is detected. The uptEPY
mechani sm can reduce the anount of tinme needed to select the proper gain
state because the detection of low total received WD 20051109632

PCT/ US2005/ whesB; (m) gsnél (Bhrirh theainnhase éad fanadature sanpleh esse@ely. dar of hi gh
signal/saturation in an OFDM _system An enbodi nent. of the upward nechani sm
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det 32, i includ . ti it 310, ilt
0. and o 10R8h 5 sr U Rbadiient SRl PR 1 AREE 00N PRt “Ace Bisbor ac ur e
sanpl es ( DQpidervifidite dmPulkd eeshiB AHR) alek. WidHY flkdi 320 @ RPARRNBI2 receives

respectively, of the conpl ex-val ued data sanples from ADC .
and sums the power value from unit 310 with the output of a delay unit 326 and

provides a filtered value. A gain unit 324 scales the filtered value with a gain of K and
provides the scaled value to delay unit 326. Delay unit 326 stores the scaled value and
provides a delay of one sample period. The response of filter 320 in the z-domain may

be expressed as:

H(z)= ) Eq (4)

z—K
where 0 <K <1. The gain K determines the filter bandwidth and is selected to provide
the desired amount of averaging.

[0039] In general, filter 320 may be implemented with any type of filter and any
filter order and may have any bandwidth. For example, filter 320 may be an IR filter, a
finite impulse response (FIR) filter, or some other filter. Filter 320 may be a first order
filter, as shown in FIG. 3, or a higher order filter.

[0040]  Latch 330 receives the filtered value from filter 320 and latches the filtered
value based on a strobe signal. The output of latch 330 is the average power (Payg) for
the data samples and is indicative of the total power at the output of ADC 226. The

average power is updated whenever the strobe signal is activated. The time duration



226. Wthin unit 310, a squarer 312a squares each i nphase sanple, and a
squarer 312b squares each quadrature sanple. A sumer 314 suns the outputs
of squarers 312a and 312b and provi des a power value for each sanple
period, whiyghohsyhs, expressed as: P(n)=Dl 2(n)+D2(n) , Be1iBho0swhese DI (n)
and DQ(n) are the inphase and quadratyre sanples, respectively, for sanple
period it, and P(n) is the power value for sanple period it. [0038] For the
enbodi ment shown in FIG 3, filter 320 is inplenented with a first order
infinite i ( | L8, d h@he WSS o822
receives gﬁgéiﬁh&%ﬁ%ﬁ@ﬂéﬁ%éf‘%d%g frgrﬁsg‘é\fa?érgﬁé ?p\) f{%genc?ﬁ% put of a del ay
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value with a an r al 26.
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Hz) = z zK g (4) _where 0< K < The gain K determnes the filter
bandwi dt h aﬁéphi wféﬁ“eﬂ% o de the desired amount of aver agi ng.

[0039] In genpHal ¥ ikt er and
any fil ter(f c@ B%Eoﬁi\%gﬁ%f;/pgxgh W th.ltlgzger:&ﬁéyaﬁﬁg ea$¥§g%ter egé)g may be
an hIRfilt ehe, dzaa simpies eThcnauetra@ pesgyongealfd-bRestimatedin other mmeer@t F.F@r
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output of latch 330 is the average power (Pays) for the data sanples and is
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S averaged nnmz;betseff’nthﬂnéym:ameajebased on varl ous factors such as t he

manner dat s, t.rans ted.in the sys t he de5| r setf]i ng
tinme for tmb%& o@ﬁi %ﬂ@“@onﬁ? l%rflc'f’rgmél}( ﬁﬁ'f‘eemt[’toﬂ}éneé\'}é)f rr%éfl
conput ed basghifRafntentdsiied 234 bR IothNteiteed pra%k@étect@M2da&eave§ amivefagé ecel ved

in each frame or tinme slot, and so on.
power from power detector 232, compares the average power against a predetermined

a

threshold, and declares low total received power if the average power is less than the
threshold. A gain state selector 414 receives the output from detector 412 and
determines whether to maintain the current gain state, transition to the next higher gain
state, or reset to the lowest gain state. Selector 414 may implement a state machine to
select the proper gain state for the receiver, as described below. A gain look-up table
416 receives the current gain state from selector 414 and provides appropriate gain
controls for the variable gain circuit blocks (e.g., LNA 212, VGA 216 and amplifier 224
in FIG. 2).

[0043]1 FIG. 5 shows a process 500 for selecting the proper gain state for the
receiver using the upward mechanism. Process 500 may be performed by power
detector 232 and gain controller 234 in FIG. 2.

[0044] Initially, the lowest gain state is selected for the receiver (block 512). For
each update interval (e.g., each data packet or each frame or time slot), the power of the
data samples is computed and averaged to obtain the average power for the data samples
(block 514). A determination is then made whether to reset the receiver to the lowest
gain state (block 516). The lowest gain state may be selected if, for example, an
unusually large signal is detected (e.g., a predetermined percentage or more of the data

samples are above the threshold), the receiver switches to receiving data from another



[0041] FIG 3 shows a specific enbodinent for determ ning the average power
of the data sanples. The average power nmay al so be estimated in other
manners. For exanple, the data sanples may be conpared against a threshold
val ue, and the nunber of data sanples that fall below the threshold val ue
may be coumteerhos/Tiees2per cent age of data sanpl es that fabtT/stoosnisiss

t hreshol d val ue may be used as a rought estinate of the average power. This
met hod of estimating average power requires |ess conputation and nay be
sufficiently accurate. [0042] FIG 4 shows a block diagram of an enbodi nent
of gain conty.qlh®kr, 234 so oV mh@aﬂs@deﬂlsc%ﬁ’rf@i‘ bRtk 886} théh theWrdcedsaetubRaei ved
power detector 412 receives the avera ower from power det ector 232,
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state from sel ector 41 provi des appropriate gain cont s for the
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Initially, the | owest aln statels sel ecte the receiver (blo 512).
For each u Ftéoqahf“é‘? gynyardgnechanisms fof ap §§@§é@lg8? 1 RASt CERAE oYy c‘th’F

slot), the Hﬁl\p?dveﬁlt:nttmgy bAARuSr AR SSedatuptd MR IRE eROLpIBMEE BBEHed RsFREAI N Lhe
average power for the data sanples (bloCk 514). A determination is then
made whet hergainostates efThe ipewer delectern ist ablet toedeltm@édltweg éjansssetnawblte( poiscin 516) .
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t he answer r§a corfest S35t Hatk 153 Blaxinin of flesesprstse dbis astymesdh gt ghe receiver

starts off in the lowest gain state, needs to reach the highest gain state, and is able to

transition to the next higher gain state every T seconds. The bi-directional mechanism
can reach the correct gain state in a maximum of 6T seconds. This assumes that the
receiver starts off in the middle gain state, needs to reach the highest or lowest gain
state, and is able to transition to the next higher or lower gain state every 3T seconds.
The downward mechanism can reach the correct gain state in a maximum of 12T
seconds. This assumes that the receiver starts off in the highest gain state, needs to
reach the lowest gain state, and is able to transition to the next lower gain state every 3T
seconds. The time saving achieved by the upward mechanism increases with more gain
states.

[0046] In certain operating scenarios, it may be advantageous to use the downward
mechanism or the bi-directional mechanism. For example, the downward mechanism
may be used in (1) a system with a lower PAPR, (2) for gain control based on a
transmission (e.g., a pilot transmission) that is designed to have a low PAPR, and so on.
The bi-directional mechanism may be used, for example, after the nominal gain state
has been reached and for all or many scenarios in which the downward mechanism may
be used. For the downward and bi-directional mechanisms, the gain controller may

detect for the high total received power condition, e.g., based on the average power
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bl ock 512 and the |owest gain state is selected for the receiver. O herw se,
if the answer is "No' for block 516, then a determination is rmade whet her

|l ow total received power is detected (block 518). This condition nmay be the
declared if the average power is below the predeterm pegyshjosslsessd. 1f | ow
total receVQeUWSPHRE i's detected in QFock 518, then the next higher gain
state is selected for the receiver (block 520), and the process then

returns to block 514. Otherwise, if lowtotal received power is not detected
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or the bi-dhiRCIIORY sd®CRFMGSIN For exanple, the downward mechani sm may be
used in (1) a systemw th a Iovver PAPR, (2) for gain control based on a
transm ssi ol0@8] g. Tha gain cnonlwlateskmiislm'sodf;scmbedt héreind ey gree dmplemiantee by | ow
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i n which thefehwevar 4 c@iﬁslh\atﬁurﬁﬂibfmr/ Fof ausedlvaré @plchRn@Aavn\¥aE Gravashing

bi-direct Olrllr%{s urggc(i: ?oagér?onn% ga;[mhce:!on %Il ?e gC Ogc;[\nte? ldlet%{:tor 2¥2 and gain controller 234 in
FIG. 2) may be implemented within one or more application specific integrated circuits
(ASICs), digital signal processors (DSPs), digital signal processing devices (DSPDs),
programmable logic devices (PLDs), field programmable gate arrays (FPGAs),
processors, controllers, micro-controllers, microprocessors, electronic devices, other
electronic units designed to perform the functions described herein, or a combination
thereof.
[0049]  For a software implementation, the techniques may be implemented with
modules (e.g., procedures, functions, and so on) that perform the functions described
herein. The software codes may be stored in a memory unit (e.g., memory unit 242 in
FIG. 2) and executed by a processor (e.g., main controller 240). The memory unit may
be implemented within the processor or external to the processor.
[0050]  The previous description of the disclosed embodiments is provided to enable
any person skilled in the art to make or use the present invention. Various

modifications to these embodiments will be readily apparent to those skilled in the art,

and the generic principles defined herein may be applied to other embodiments without



detect for the high total received power condition, e.g., based on the
average power WO 2005/109632 PCT/ US2005/015288 12 fromthe power detector.
The gain controller may conpare the average power against a high threshold
and declarln h total received power if the average Qg s the

hi gh thre§N9 35“ é? aver age power i ncl,udes nostly signal po&gg mhgﬁ hi gh
total received power is detected. Thé gain controller may select a | ower
gain state whenever high total received power is detected. [0047] FIGS. 2

t hrough 5 show eci Ln sanpl es
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nodul ated signal to be gain controlled may be neasured at any point in the
receive path fromthe LNA to the ADC. For exanple, a power detector may
measur e t hel@08ihl VEHANEICBAIMERIS:the filtered signal at the output of

| owpass filter 222, the anal og baseband signal at the input of ADC 226, and
soonin FIG 2. [0048] The gain control techniques described herein may be
i npl enmented by various neans. For exanple, these techni ques nay be

i npl enented in hardware, software, or a conbination thereof. For a hardware
i npl enentation, the processing units used to performagain control (e.g.,
power detector 232 and gain controller 234 in FIG 2) may be inplenented
within one or nore application specific integrated circuits (ASICs),

digital signal processors (DSPs), digital signal processing devices (DSPDs),
programuabl e | ogi ¢ devices (PLDs), field programmabl e gate arrays (FPGAs),
processors, controllers, mcro-controllers, mcroprocessors, electronic
devices, other electronic units designed to performthe functions descri bed
herein, or a conbination thereof. [0049] For a software inplenentation, the
techni ques may be inplenmented with nodules (e.g., procedures, functions,
and so on) that performthe functions described herein. The software codes
may be stored in a nenory unit (e.g., nenory unit 242 in FIG 2) and
executed by a processor (e.g., main controller 240). The nmenory unit nmay



be inplenmented within the processor or external to the processor. [0050] The
previ ous description of the disclosed eppodi nents is provided to enable any
person skilled in the art to nake or use the present invention. Various

nodi fications to these enbodinents will be readily apparent to those skilled
in the art, and the generic principles defined herein may be applied to

ot her enbodi nents w t hout WO 2005110Q83RIMST/ US2005/ 015288 13 departing
fromthe spirit or scope of the invention. Thus, the present invention is
not intended to be limted to the enbodi nrents shown herein but is to be
accorded the w dest . scope consistent with the.principl.es.and novel features
di scl osgd her'dl $PPaFAEERE C\R%m}l%a%&lﬂ'% FOGIPIHE &Lf‘ﬂﬁ'&én?@n'm apparatus in
a comuni cat i;Qfteeiot oPBlatitO &t A totalrec B PkdrTa odigied bighaloRer ative to
detect for total received power of a nodul ated signal; and a controller
operati ve to adptreblerappgeitine tf adjust againefra ieeeivgran ahe disedtion, fromaniosestaast

gain tq a,highest gainh, |n discrete gain s based on .the detected total
recei ved®p st ggmﬂl} ISTEIEAAIN §IARS, fase Oflghet ‘ﬁmeggﬁ%‘*c%f@ﬁ rfé’ﬁfvﬁdippwteﬁémggq E&¢led
total r QH@%A{E% DK est X5iRGHthe AeltcRR t4tAI RENPFhowdMIRELIS ahiléh BRisRolaf T he
receiver 1S initially Set to the | owest gain.” 2. The apparatus of claiml1,
wher ei n wleecio ¢teegsimot ths repgereaisi iniatlp setdohetlewps\gam. of data sanples for the

nodul at ed signal and to average the power of the data sanples to obtain the
detected total received power. 3. The apparatus of claim1l, wherein the

control ler i spp f)ﬁia{u‘é SrERiHAt Ghbreld thE Qtel B Rlopef&eE ity &MPRVBEWESofRRIOW a

low threshold, tO transition to a higher gain state if the total received
power i ssainplesiiortthe modnkasdialighal ambitotaverage titegionwvea ot therdatut sagyples teohtag the | ow
total regceived rg wer, ii not detected. 4. The apparatus of claim1l, wherein
t he nodfitHCld RIPGITEFVEEPYEHer ated with orthogonal frequency division
multiplexing (OFDM. 5. A nmethod of controlling gain in a conmunication
system conprising, in conbination: detecting for total received power of a
nmodul at €d si ditelappamths adiclaghilngheregatha coftraler esoapevaiveito detnet ifitheectal on, from
a | owest in to a. highest gain, I .. ) ) . .

rege?ved power is%e?ow a lov% threshol(E to transition to a higher gain state if the total received

power is below the threshold, and to maintain a current gain state if low total received power is

not detected.

4. The apparatus of claim 1, wherein the modulated signal is generated with orthogonal

frequency division multiplexing (OFDM).

5. A method of controlling gain in a communication system, comprising, in combination:
detecting for total received power of a modulated signal; and
adjusting a gain of a receiver in one direction, from a lowest gain to a highest gain, in
discrete gain steps, based on the detected total received power, and resetting the gain to the
lowest gain if the detected total received power exceeds a high threshold, wherein the gain of

the receiver is initially set to the lowest gain state.

6. The method of claim 5, wherein the adjusting the gain of the receiver in discrete gain
steps comprises:

detecting for low total received power,

transitioning to a higher gain state if low total received power is detected, and

maintaining a current gain state if low total received power is not detected.



di screte gain steps, based on the detected total received power, and
resetting the gain to the |owest gain jf the detected total received power
exceeds a high threshold, wherein the gain of the receiver is initially set
to the lowest gain state. 6. The nethod of claim5, wherein the adjusting
the gain of the receiver in discrete gain steps conprises: detecting for

| ow totdl reckn ygargpasiara commmscdtionrsysigmt coraprinigd)én crabmaterate i f | ow total
recei ved power is detected, and m&alnln (51 ggln tate if | ow

t ot al recelvéﬂaﬁé%greﬁ§“ﬂ%ﬁ”d%@%@?@ﬂe pagveryp ?NW“E&BS sig a conmmuni cati on
system Corrprrgé%nggo cjid@Jsﬁﬁ%F gQ r}eceq?&?ﬁ oxfl@&lréiz‘ﬁtaﬁ Crdf % 16Rkst gf‘ﬁﬁlatb AfgRkyed
power of a ate means for adjusting a gain of a receéiver in
one di r ggid, dndisérerrpain sttqywbasegammhé detectdu ghud séceivgdipower, andirssettimg ehggdim to

st eps, based on the detecte tal .received po d tting the aln to
the | ownet Iogersheain ifithedefest f recsiverd PP@VGEFWE(Y\%W&E“@ TR P gat
threshol(ﬁthé/\%g&% s bh8al e'?to ‘&’1%; 1608t %g%{a\\,’ﬁi isinitially set to the | owest

gai n st e appa a us of clal erein the neans for adjusting the
gain of the receiver in discrete gain steps conprises: nmeans for detecting
for low total received power, neans for transitjoning to, a t}rﬂ‘lgher, graj n state

if |ow ttal T}@C@P@@@S%ﬁ@#mﬂs%}éﬁe&@é@eaﬁﬁ@r agpughiag ths e tinGresely

current cﬂ?dr@[eg&?lts?e's g dotal received power is not detected. 9. An
apparatus™1n Ion system conprising, in conbination: a detector

operative to deinecér de@dctlhglf@ilowaﬁﬁl mecivpbpewerof a nmodul ated signal generated
w th orthogonal fre uency divi SI on nulti PI exing (OFDM. and hayi ng{ a high
peak- t 0- aver dBRANS SRESIANING 1o PARERCT Caingtake @&WMP]N@?@%%P%W\}% dlectejandt a

gain of a recrgé%grf aftFGhE b Sl Lafil SRS qu@qgtapf%célggd 9\% A5 hefad
foy Pl RRFH Pudl DR £82 112 ROFHAEREr ARt o

recei ved power, 0 rese |'owest

total received pomer exceeds a hlgh threshold mhereln the gain of the
recelver isinitially set to the |owest gain state. 10, The apparatus of
cl ai m 9,9 wher&i ﬁPRaﬁ@u%@rﬁ ‘?Qﬂlm@m%@w&tﬁm@ FeMaprBngiap éembinptipe t ot al

recei ved pome

total receivet eﬁe Sy op%‘%ﬂgéc?@’%%{] Pawgetcﬁltrvggﬁo %rcé alah?‘%h %? %e%l%geﬁi Ir ]; e;'? ©
gai n st epith brithd@nhik@juei@Civ R BEONPIexing (OFDM) and having a high peak-to-average
power ratio (PAPR); and
a controller operative to adjust a gain of a receiver in discrete gain steps based on the
detected total received power, and to reset the gain to the lowest gain if the detected total

received power exceeds a high threshold, wherein the gain of the receiver is initially set to the

lowest gain state.

10.  The apparatus of claim 9, wherein the controller is operative to detect if the total
received power is below a low threshold, to select a higher gain step if the total received power
is below the low threshold, and to maintain a current gain step if the total received power is

between the low threshold and the high threshold.

11. A method of controlling gain in a communication system, comprising, in combination:
detecting for total received power of a modulated signal generated with orthogonal
frequency division multiplexing (OFDM) and having a high peak-to-average power ratio
(PAPR); and
adjusting a gain of a receiver in discrete gain steps based on the detected total received

power, and resetting the gain to the lowest gain if the detected total received power exceeds a



between the | ow threshold and the high threshold. 11. A nmethod of
controlling gain in a comruni cation system conprising, in conbination:
detecting for total received power of alfodul ated si gnhal generated with

ort hogonal frequency division nmultiplexing (OFDM and having a high
peak-to-average power ratio (PAPR); and adjusting a gain of a receiver in
di scr et ehighitiestioR svhese theqain bftheledcevted itiitihlly sot &g theledest painestate.and
resetting the gain to the lowest gain if the detected total received power
exceeds a 16 high threshold, wherein the gain of the receiver is initially
set to trf ! O)Iqﬁesﬁle@x%#l %{ Eltaﬂ'hq'l, \%l%erei-mﬁe %ﬁhg&g o zﬁ'h%ﬁﬂe]r%cei%}elﬁ ﬂlsgrettéqgain
adjusting'the gain o € recelver in drscrete 6a|n steps conpri ses:

det ect i ngepsoniphisédie total received power is below a | ow threshold,

sel ecting a higher %aLn steP if the total received power is below the |ow

t hreshol d, anéetesvieienil Herfgtahresaived pewerds helopveplovs threshieldet al recei ved power
I's between t héaelelc?lg%ta%@%gggﬂ steﬁqgt&Q&apﬂﬁgavé%O%QQé gelo&??f%le 1% &ﬁpﬁt éﬁ?df Ina
commruni cat i on”system <onpri sing, I'n conpination: heans tor detecting for
total receiVvegap@ieihg @fcusrenhil atLtl 16w astal regaval pivedt ivbétvee®tHeNogam@shold
frequency division nultiplexing (OFDVM and having a hi gh peak-to-average
power raitd the prrhpReshaddd neans for adjusting a gain of a receiver in

di screte gain steps based on the detected total received power, and
resetting the gain to the lowest gain if the detected total received power
exceeds g3 hi gAntaBpfaigira coigfugicatidheyseal, Ro@briting, ieesibwtions i nitially set
to the |owest gain state. 14. The apparatus of claim 13, wherein the neans
for adj usti ngmeans fgndeteasingtfetotad cedeived power off smoduleted signakgemgratesowith i ses:
means for detecting for.lowtotal, recej ower .. neans, for, selecting a

o aner - guthpeoRaritpengiy it Bplet GEAD R Ty g polke o ol DOy

mai nt ai njRg (RPAPRY;'@At gain step if low total received power is not detected.

means for adjusting a gain of a receiver in discrete gain steps based on the detected total
received power, and resetting the gain to the lowest gain if the detected total received power

exceeds a high threshold, wherein the gain of the receiver is initially set to the lowest gain state.

14.  The apparatus of claim 13, wherein the means for adjusting the gain of the receiver in
discrete gain steps comprises:

means for detecting for low total received power,

means for selecting a higher gain step if low total received power is detected, and

means for maintaining a current gain step if low total received power is not detected.



