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Information Theoretic Performance of
Periodogram-based CFO Estimation in Massive
MU-MIMO Systems
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Abstract—In this paper, we study the information theoretic received at the BS from different UTs and the local oscillato
performance of the modified time-reversal maximum ratio com gt the BS. Existence of such CFOs, if unmitigated, would
bining (TR-MRC) receiver (presented in []) with the spatidly o it in degradation of the information rate performante o

averaged periodogram-based carrier frequency offset (CFD . .
estimator (proposed in [7]) in multi-user massive MIMO sysems. the system. Although various techniques for frequency syn-

Our ana|ysis shows that an0(1 /M) array gain is achieved with Chr0n|zat|on (CFO est'mat'on/compensat'on) |n Sma” MIMO
this periodogram-based CFO estimator, which is same as the systems exist, it has been observed that those technigees ar

array gain achieved in the ideal/zero CFO scenario i/ is the not amenable to practical implementation in massive MIMO

number of base station antennas). Information theoretic peor-  gystams, due to prohibitive increase in their complexityhwi
mance comparison with the correlation-based CFO estimator . -
increasing number of UT$][5].][6].

for massive MIMO systems (proposed in [[6]) reveals that this . .
periodogram-based CFO estimator is more energy efficient in [N [5], the authors suggested an approximation to the
slowly time-varying channels. joint maximum likelihood (ML) estimator for CFO estimation

. INTRODUCTION in multi-user (MU) massive MIMO systems. However, the
cgo estimation technique presented [in [5], requires multi-

L"’?rge scale antenna systems/massive mu.ltlple_mpéjlmensional grid search and therefore has an exponential

multiple-output (MIMOQO) systems has been envisaged as . hOoe . i

T . complexity with increasing number of UTs. Later inl [6], a

one of the key technologies in the evolution of the ne>étlm le low-complexity (complexity independent of the nienb

eneration wireless communication systems [1]] [2]. In P plexity pexityinaep .

g : ) ; = of UTs) correlation-based CFO estimator for massive MU-
massive MIMO, the cellular base station (BS) is equipp

. IMO systems has been suggested. This CFO estimator
with a large array of antennas (of the order of hundreds) {0 L . ; . .
. . owever requires impulse-like pilots, which are highly@s
serve an unconventionally large number of single-antesea u

: . . . tible to channel non-linearities (e.g. non-linear powdicafnt
terminals (UTs) simultaneously, in the same time-freqyenc eg P

resource[[B]. Increasing the number of BS antennas opensaurgplifier (PA)in the transmi_tters etc.), dl.Je.tO thei_r highFR\
more available degrees of freedom, resulting in more a¥fect (peak-to-average-power ratio) characteristics. Thidlem of
suppression of multi-user interference (MUI) compared high PAP.R P'IOtS 1S later alleviated using a Iqw-complexny
the conventional single-antenna/small scale multi-amden complexny linear with the nu_mber of UTs) Sat'a"y avgedg
systems. It has been shown that for a given number of UTS,plﬁrlodogram-based CFO estimator pr_oposem [7.]’ Wh'Cb use
a coherent multi-user massive MIMO system, with imperfeI W-PAPR constant envelope (CE) pilots. [ni [7] it is shown

. ) . fhat while the correlation-based CFO estimatorin [6] has le
channel estimates, the required per-user transmit power Il ovitv the periodoaram-based CEO estimator bronosed
the uplink (to achieve a fixed desired per-user information pIexty., b g prop

rate) can be reduced ask. with increasing M (i.e. an in [[7] is better in terms of the mean squared error (MSE)
asn performance.

O(VM) array gain is achieved), wheddl is the number of "~ However, while the information theoretic performance with
BS antennad [4]. the correlation-based CFO estimator has already been ana-
However these existing results in massive MU-MIMO sy$yzed [8], [€], no such result exists for the periodogram-
tems are based on the assumption of perfect frequency SNcRksed CFO estimator. Therefore, in this paper we derive the

nization for coherent multi-user communication. In preefi jnformation theoretic performance with the periodograasé
carrier frequency offsets (CFOs) exist between the signgigo estimator, which also allows us to compare it to the

_ _ o information theoretic performance with the correlaticaséd
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Data Communication Phase

perIOdOgram-based CFO eStImatlon for maSSIVe MU-MIMO Nu Nc 'Nu (CFO compensation is done at the BS prior to chagstehation and detectipn
uplink in the imperfect CSI scenario. Our study reveals that : )
even with this new periodogram-based CFO estimator, an ‘f i — DL‘“L’DL T TR VTR YA Y =T
O(V'M) array gain is achievable (i.@0 loss in array gain Esﬁmgwﬁ«" Moo T e A
performance compared to the ideal/zero CFO scenafid)
. . Channel Estimation Phaspre-amble UL Data Transmission Phase/block ‘Pust-amble
a study of the trade-off between the information rate L N i ‘
performance of the modified TR-MRC receiver (with the =g t= KL-1 t= KL+L-1 P t=N;L t=N1
periodogram-based and correlation-based CFO estimaters) o o _
sus the CFO estimation complexity reveals that the achlevaE'gd 1 The communication strategy: C';O Es“mat'onl{corﬂﬁm's
information rate with the periodogram-based CFO estimat3pd Pata Communication. Herd. is the duration of coherence
- . . interval and the UL slot for data communicationNs, channel uses.
can be significantly better than that with the correlatiasdx
CFO estimator at the cost of higher complexity; and (iii)-fur
ther, it is also revealed that for slowly time-varying chalsn
the information rate performance with the periodogramebas

CFO estimator is significantly better compared to that whih t K -1
correlation-based CFO estimator, i.e., the periodogrased . (/] = Vp_uZ Z Banqll] eIFE (a1 (t=D+wet] T [£]
CFO estimator isnore energy efficient in slowly time-varying a=1 1=0
channels/low-mobility channelgNotations: E denotes the K
expectation operator and)* denotes the complex conjugate - \/p_“Zqu eI (a=D+welt 4 N t], (1)
operator.] q=1
A L—-1 om .
Il. SYSTEM MODEL where Hy,y = 3 hogll] e 7% @D andw, is the CFO of
=

=0
Let us consider a single-carrier single-cell massive MIM&'€ ch UT. Herep, is the average po;/ver_transr_mtted by each
BS, equipped with\/ antennas, serving single antenna UTs YT In the uplink andi,,,,[l] ~ CA'(0, 7j,;, ) is the independent
simultaneously in the same time-frequency resource. Sinc&hannel gain coefficient from the single-antenna offtfta UT
massive MIMO BS is expected to operate in time divisioff the 7-th antenna of the BS at theth channel tap. Also,
duplexed (TDD) mode, i.e., each coherence interval is dibid (o >0}, (1=0,1,...,L-1; k=1,2,....K) s perfectly
into an uplink (UL) slot, followed by a downlink (DL) slot. known at the BS and models the power delay profile (PDP)

For coherent multi-user communication, frequency synchf®f the channel.

nization (i.e. CFO estlmatlon/cqmpensatmn) IS Important 5 Low-Complexity CFO Estimation Using Spatially Averaged

massive MIMO systems. To this end, we consider a Co'ﬂg'riodogram 7]

munication strategy, where the CFO estimation is performeg

at the BS in a special UL slot before data communication.From [1) it is clear that the signal received at the BS is

In this slot, the UTs transmit special pilots to the BS. Aftesimply a sum of complex sinusoids with additive Gaussian

CFO estimation, in the subsequent UL slots, at the BS, CHdise. Specifically, the frequency of the sinusoid recefvenh

compensation is performed, prior to channel estimation attte k" UT is 2?’T(k: — 1) + wg, wherewy, is the CFO of the

UL receiver processing (see FIg. 1). The special UL slot fa&" UT. Intuitively, an estimate of this CFO of the™ UT,

CFO estimation is repeated every few coherence intervals,, &, would be the difference between the frequency of the

depending on how fast the CFOs change. transmitted pilot (i.e2Z (k — 1)) and the estimated frequency
The CFO estimation/compensation technique presentedointhe sinusoid received at the BS from thd' UT. An

[6], [©] requires high PAPR impulse-like pilots, which areattractive low-complexity alternative to the joint ML fregncy

susceptible to PA non-linearities. Since massive MIMO sy@stimation is the periodogram techniqiie![10], which simply

tems are expected to be highly energy efficient, it is desiré@mputes the periodogram of the received signal and chooses

that we use low PAPR pilots signals for CFO estimation (e K largest peaks as the estimate of the frequencies.

facilitate use of highly energy efficient non-linear PAsheT Since in massive MIMO systems, the required received power

periodogram-based CFO estimation technique discuss&f indt the BS is expected to be small, spatial averaging of the

requires low PAPR constant envelope (CE) pilots. Specificalperiodogram computed at each of tild BS antennas is

for K UTs, the k™ UT would transmit a pilotp,[t] = performedI[7].

eI ® k=1t \wherek = 1,2,...,K andt = 0,1,...,N — 1. We also assume that the CFOs from all UTs lie in the range

Here N < N, is the length of the pilot sequence aig is the [—Amax, Amax (Where Apmax is the maximum CFO for any

duration of the UL slot. Assuming the channel to be frequendyT). Therefore the frequency of the sinusoid received from

selective withZ memory taps, the pilot signal received at théhe k™ UT would lie in the interval(2Z (k— 1) — Amay, 22 (k—

m!" BS antenna at time is given by 1) + Amax]. FOr Amax < % these intervals for different UTs



are non-overlappirﬂj,and therefore we need to compute thémk[l] +

—L 7,k — 1)L + 1]. Here n,,[(k — 1)L +
VKLpy, ™ m
periodogram for the" UT only in the intervall 22 (k — 1) = - "’

nm[(k — 1)L 4 e~ 7@ [(k=DL+0  CA(0,02) and

Amax 2f’f(k—l)jLAmax] over a fine grid of discrete frequencies; A . )
) ! ) - = —jAwg[(E—1)L+1] 2
Thus the CFO estimate for tHé" UT is given by [7] hmk[l]_ hmi{lle _ o CAQ(O’%M) Is the
) effective channel gain coefficient amil, = O — wy is the
Spatial . B
averaging Periodogram computed at the™ BS antenna residual CFO after Compensat n.
M N—-1
1 1 — o 2 A. TR-MRC Receiver Processin
Wy = argmax — Z —‘ Z T‘m[t] 6_.7[7(k—1)+0]t ’ (2) - . g
oez M == N Pt After the channel estimation phase and the preamble trans-

N mission, the UL data communication starts. Let[t] ~
N LA o | ) CN(0,1) be the i.i.d. information symbol transmitted by
where = = {02(i) = F&i|lil < To}, To = [S2=N*] and  the kg UT at the ¢ channel use ang, be the average
f2(i) denotes the discrete frequencies where the periodogrpower transmitted by each UT. Therefore the received signal
is computed. Note that the parametecontrols the resolution at the m™ BS antenna at time is given by r,[t] =

of the discrete frequencies in the st Therefore it follows \/p_uZ;iI lL:*Ol Bomg[lg[t — 1€’ + n,,[t], wheret =

that with increasingv and fixedV, the MSE of CFO estima- K, + L — 1,...,(Np + KL + L — 2). To detectr[t], we
tion, i.e., e(a) = E[(@r — wk)?] would decrease [7]. use the modified TR-MRC receiver described[in [9], i.e., we
first perform CFO compensation for ti& UT and then pass
the CFO compensated signal through the TR-MRC receiver.
After the CFO estimation phase, the conventional data copith TR-MRC processing of the CFO compensated signal,

munication starts at= 0 of the next UL slot (see Fi§l1). Thethe detected information symbol for thé" UT at time ¢ is
UTs transmit pilots for channel estimation sequentialliine  gjven by

for the first KL channel uses. The UL data communication _ ML
starts at = K L+L—1 and continues for the nexf, channel  Z[t] = v/pu Z Z
11

IIl. | NFORMATION RATE ANALYSIS

Tm[t + l]e_ja"[t”]

71/\
P 1]
uses (i.e. from = KL+ L—1till t = KL+ Np+L—2). The m=11=0 CFO Compensation
channel estimation phase and the UL data transmission phase M L=1 _
are separated by a preamble sequenck-efl channel usds. = \/p_u< Z |hmk[l]|2) e~ IAwklt=(k=1)L] 2 1]
Since the duration of the UL slot i§¥,, channel uses, it follows m=1 =0
thatNV,, = KL+ (L—1)+Np+(L—1)and hencé&Np = N,,— + MUIN[¢] , (5)

K L—2(L~1). For channel estimation, we assume thatittie  \here MUIN,[#] comprises of the inter-symbol interference
UT transmits an impulse of amplitudgK Lp, att = (k—1)L  (1S]), multi-user interference (MUI), channel estimatierror
and zero elsewhefeThus the received pilot at the'™ BS z7d AWGN noise. In massive MIMO systems, it can be
antenna at time = (k — 1)L + L is given byr,, [(k — 1)L + shown that withM — oo, the term Y2 S™27 Fh,, 1] 12

[ = VE Lpu hop[l] /(=D 4 [(k — 1)L+ 1), where  pecomes almost determini§lidue to channel hardeningl [3],
m=1,2,....M,1=0,1,....,L—1andk=1,2,...,K.To [12]. Therefore an efficient communication strategy is to
estimate the channel gain coefficient, we first perform CFaplace the effective channel gain component in the first ter

compensation for the™ UT by multiplyingr,,[(k — 1)L +1] in the second line of R.H.S. of](5) by its mean value, i.e.,
with e=7@x[(k=1)L+l gnd then compute the ML channel esti-

A M L=1 _ 2 A e
mate ag\Lmk[l] érm[(k_1)L+l]e—j(ﬁk[(k—1)L+l]/ KLpu= Esk[t] = \/p_uE |: Zl Z ‘hmk[lH e? wlt—(k—1)L] :ck[t]

m=1 [=0 . .
and create an additional term which would contain
INote that the frequency range for two consecutive users (aaykt its variance around the mean ie am‘: é
UT and the (k — 1) UT) would be non-overlapp2ing if and only if the M L—1 _ ) oo
m2671rX|mum CFOAmax satisfy the follow7|rng |nequal|tj.7"(k—l)—Amax| >' \/p—u Z Z ‘hmk [l” e—iAw[t—(k—=1)L] xk[t] _ ES;C[t])E
|22 (k—2)+Amax] = |Amax| < . For a massive MIMO system with \ m=11=0 o ) _ _
carrier frequencyf. = 2 GHz, communication bandwidtBy = 1 MHz and  Since CFO estimation is carried out in a separate special
maximum CFO 00.1 (= «) PPM of f. [L1], the maximum CFO is given by coherence interval, the residual CFO error is independént o
27k fe/Bw = 555 Clearly with K = 10 and maximum delay spread of
5us, i.e., L =5usx By =5, we haveAmax = 572+ € 2+ < = = &, ) o .
i.e., the frequency intervals of consecutive users areaven ppinﬁ 10 “Both A [l] @ndnm [(k — 1)L 4 1] have uniform phase distribution (i.e.
2The symbols transmitted in the pre-amble and post-ambleesegs (see circular sym_metrlc) anc_i are independent of‘each other.r@]aﬂtatmg the_se
Fig.[) are independent and identically distributed ()iahd are assumed to f@ndom variables by fixed angles (for a given realization 606 and its
have the same distribution as the information symbols tmétted during the €Stimates) would not change the distribution of their phased they will

data communication phase, in order to ensure the correctighe computed fémain independent. Therefore the distributiorhgfy. [1] and, . [((k—1)L+
achievable information rate. [] would be same as that @f,,[l] andn, [(k — 1)L + I] respectively.

_ 3Note that the use_of impuls_e-like pilots for chf_:lnnel es_timats e_zssential 5As M — oo, the ratio of the standard deviation 0% Lil ‘Emk ik
in order to have a fair comparison between the informatidae ahieved by m=1 =0

the modified TR-MRC receiver with the periodogram-based GRBGmator o its mean converges to zero.

(computed in this paper) and that with the correlation baSE® estimator SHere E[.] is taken across multiple coherence intervals and also scros
(computed in[[9]). multiple CFO estimation phases.



L-1 M L-1
il =My X ohn ) E [0 ) by 3 3 [k e ARG 1) — ES ] + MUIN [

=0 m=1 =0

=ES, [t] = SIF [t]
3)
E [IES. [£]|2 E [e—iAwklt—(k—1)L]])?
sinry ) 2 EL S’“[”z] _ (e ) K K "
EIEWLFT T (i [ermenivnn] )Ly L (1 LS ) LSy
MK~20? M~y K62 = 4 M0y, = K
2 E[|SIF,[]|2] 2 E[IMUIN , [1]|2]
~ 1 ]
the effective channel gain coefficient,;[l]. Therefore we
L—1 )
have ES[t] = M\/p—u( D Uim) E [e-derl=-DI] gy t] =
MOLo1 y =095

and SIR[t] = yAo( 3 5 [lsll][*e sttt s

m=1 [=0 =

L—1 <
MY o, E [e*jA“k[t*(kfl)LJ]) 2[t]. Thus from [B) we 3
1=0 T

get [3), where EJ¢] is treated as the useful signal term, an 9
we relegate SIHt] to the effective interference and noise o
term EW,[t], i.e., EW,[{] 2 SIF, [t] + MUIN[t]. Hence from g4 — e = - o o
(B) we havez,[t] = ES,[t] + EW,[t]. Note that the statistics Number of BS Antennas, 1
of both ES[] and EW[¢] are functions of. However for a Fig. 2 Plot of the variation if |e 74wkt~ (k=DL) | with increasing
givent, the rea_hzaﬂon of EW[t] is i.i.d. across multiple UL oer of BS antennasy/ for fixed K = 10, N' = 2000, N, —
data transmission blocks (i.e. coherence intervals). &fbeg 5000, L, =5, ¢t = KL + Np + L — 2 andk = 1, with the transmit
for eacht, the effective channel between th# UT and the SNR~ decreasingx ﬁ with increasingM, starting aty = —14
BS reduces to a single-user SISO (single-input singledutpdB for M = 20.
non-fading channel with additive noise, when viewed across
multiple coherence intervals. Thus fofp, channel uses, we
would haveNp SISO channels with distinct channel statistics. ) No,—L
We therefore have separate codgbool_<s, one for each of these I, = — Z log, (1 + SINRy[t]). (6)
Np channel uses. The data received in thechannel use of Ny t—KL+L—1
every coherence interval is jointly decoded at thellBS. Remarkl. (Achievable Array Gainfnalysis of the variances

of various components of EMt] shows thait “Ewk [t] |2} =

E [[SIFk[t]ﬂ + E [[MUINk[t]ﬂ depends on the residual

Since information symbot;[t], residual CFO errodw, = CFO error only through the variance of $[HE We note
©r — wi, and effective channel gain coefficient,;[!] are that both the variances of EB| and SIR[t{] depend on
all independent random variables, it can be shown thate—/A«xlt=(-=1LI] which in turn depends on the statistical
E[ES:[t|EWL[t] = 0, i.e., the useful signal term is uncorresistribution of (&, — wx). From exhaustive numerical simu-
lated to the effective noise. Hence with Gaussian inforomati lations, it can be easily shown that with the transmit SNR
symbols, the worst case uncorrelated noise (in terms of Mux —L, the termi [em7awr(t=(k=DL)] would converge to a
tual information) would also be Gaussian with same meaonstant value with increasing — oo (see Fig[R). Therefore
and variance as EWt| [14]. Thus we have the following the variances of ESt] and SIR.[t] would also converge to a
lower bound on the mutual information, i.€(zx[t]; xx[t]) > fixed value with increasing/ — oo and~y o ﬁ Further
log, (1 + SINRy[t]), where SINR|[¢] is defined in[(#) at the from (@), we observe that the variance of Muclfl‘lsﬂ:onverges
top of the page (note thaj, 2 Zf;ol 03, andy = L4 isthe to a non-zero positive constant value with increasing numbe
transmit SNR Therefore an achievable information rate foof BS antennas/ — oo andy = 2§ L.

B. Achievable Information Rate

. . . . - M
the k™ UT is given by Thus from the above discussion, it follows that SINR
would converge to a constant & — oo with ~ o \/Lﬁ

"This coding strategy has also been used In [d], [9]] [13]. ‘
8This is due to the fact thak [EW, [t] = 0, sincex[t] and the AWGN _ °It can be shown thak [SIF[t]MUIN[t]] = 0, since Awy, «[t] and
noise are both zero mean. hmi[l] are all independent of each other.



6
Hence from [(B) it can be concluded that the informatio *° [y y o000 oro Rstimator in 7]

rate of the modified TR-MRC receiver with the periodogran &
based CFO estimation/compensation, converges to a cons
with 7 o< —— as M — oo. In other words, with a fixed
desired information rate and fixed number of UTs, the requir
transmit SNRy would decrease roughly b5 dB with every
doubling in the number of BS antenna$, i.e., anO(v/M)

array gain is achieved (see the variation in the requirt

©-N = 1000, CFO Estimator in [7] 20% 1 in info. rate

iy
2

AN =500, CFO Estimator in [7]
-

N = 1000,
CFO Estimator in [6]

E N =500,
CFO Estimator in [6]

[y
A

~ 4.35% 1 in info. rate

H
W

umber of Complex Operatio

transmit SNR~ for M = 320 and M = 640 in Table[). 7F: B ]

This showsthe interesting new resulhat the periodogram- ~ QFBZSOLO i

based CFO estimator does not degrade the achievable a 10 ‘ : ; ‘ : ‘

. . . . E 0.6 0.7 0.8 0.9 1 11

gain in the residual CFO scenario (i.e., same as that for t Per-User Informaton Rate (bpeu)

correlation-based CFO estimator [€]] [9]), when compared Eig. 3 Plot of the variation in the number of complex operasio

the ideal/zero CFO scenario. [0 with increasing per-user information rate for fixéd = 10, L = 5,
SNR = —12 dB, M = 80, N, = 5000 and N = 500, 1000 and

IV. NUMERICAL RESULTS AND DISCUSSIONS 2000 respectively.

In this section, we study the information rate performance-

complexity trade-off for the TR-MRC receiver with thegpserved in Fig[]3, where faV = 1000, the increase in the
periodogram-based CFO estimator. For Monte-Carlo simujaformation rate is only~ 4.35%, whena is increased from
tions, we assume the following values for system parameters to 1.8, though the complexity increases rapidly by a factor
carrier frequencyf. = 2 GHz, communication bandwidth of approximatelys (see Fig[B). Therefore from the point of
By =1 MHz and a maximum CFO equal tol (= x) PPM  yjew of the complexity-performance trade-off, it appeduat it

of fe, i.e., Amax = 27k fe/Bw = 555 Also, we assume that js optimal to operate witkx equal to this critical value. In this
the maximum delay spread of the channelljs= 5us, i.e., paper, we have defined this critical value as the smallest
the number of channel memory tags = T4Bw = 5. At possible value of: for a fixed transmit SNRy, M, K and
the start of every CFO estimation phase, the CEQsk = N, such that/(I,(a) — In(o + Aa)) /I ()| < 6, for a given
1,2,..., K) assume new values (independent of the previoys_ 02 and Aa = 0.1.

ones), uniformly distributed in the intervah- 52, 5255 ]- The In Fig.[3, we also plot the required number of complex op-

PDPs are also assumed to be the same for all UTs and is gike&ions for CFO estimation using the correlation-base® CF
by o7y, = 1/L, wherel = 0,1,..., L-1andk = 1,2,..., K. egtimator proposed in|[6]. Note that while this CFO estimato
The number of UTs are assumed to kie= 10. ~is indeed superior to the periodogram-based CFO estimator
In Fig.[3, we plot the variation in the total computationahronosed in[[7] in terms of complexity, the information rate
complexity (i.e. the number of complex floating point opeferformance of the TR-MRC receiver with the periodogram-
ations required for CFO estimation) versus the informatiqhseq CFO estimator is comparatively better than that of the

rate of thel® UT for a fixed transmit SNRy = —12 dB, TR.MRC receiver with correlation-based CFO estimator when
fixed number of BS antennas/ = 80, fixed duration of , s sufficiently large. For instance, with = 1000 and

the UL slot N, = 5000 and pilot length for CFO estimation , _ .+ — 1 4  the information rate with the periodogram-

N = 500,1000 and2000 respectively. _ based CFO estimator is approximately’s more than that of
The increase in the information rate (for a fixed transmjhe correlation-based CFO estimator (see Hig. 3).

SNR, fixed M, K and V) corresponds to the increasedn g hsequently, in Figd4 we plot the variation in the achiev-

since with increasing: the resolution of the CFO estimation, e information rate for the first user with increasing diora

in (@) increases, thereby reducing the MSE of CFO estimatio || gata transmission block\(»), for a fixed transmit SNR
Reduction in the MSE of CFO estimation reduces the varian%e: —10 dB for M = 40 antennas and fixed SNR = —12

of the SIF term in the denominator il (4) and this leads to &k o as

increase in the information rate. However, the informati@®  gcenarios: (a) the ideal/zero CFO scenario (solid line wih
does not increase unboundedly with increasingnd is S€en 4 ryer): (b) the residual CFO scenario with the periodogram
to saturate for values of beyond a critical value. This is haseq CFO estimator iit][7] (dashed line with filled circles);
and (c) the residual CFO scenario with the correlation-thase
TABLE | MINIMUM REQUIRED TRANSMIT SNR o % TO CFO estimator Inl:[B] (SOlld line with filled diamondS). For
ACHIEVE A FIXED PER-USERINFORMATION RATE I}, = 1 BPcU, the residual CFO scenario with the periodogram-based CFO
K =10, N = 2000, L = 5 AND UL SLOT DURATION N,, = 5000  estimator, we setv to its critical valuea* (defined in the
CHANNEL USES discussion for Fig[]3). Note that in each scenario, the infor
M 40 80 160 | 320 | 640 mation rate initially increases with increasing,, due to the
SNR| -9.9] -1253 ] -14.7 | -16.6 | -18.38 increase in the fraction of UL slot used for data transmissio

= 80 antennas. We consider the following three
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