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On the Optimality of Single-Carrier Transmission in
Large-Scale Antenna Systems

Antonios Pitarokoilis, Saif Khan Mohammed, Erik G. Larsson

Abstract—A single carrier transmission scheme is presented Previous results for very large MIMO systems have only
for the frequency selective multi-user (MU) multiple-input single-  considered frequency flat channels [3], [4], [5]. In this pa-
output (MISO) Gaussian Broadcast Channel (GBC) with a base per we consider a MU-MISGrequency selective GBC with
station (BS) having M antennas and K single antenna users. . . .
The proposed transmission scheme has low complexity andM > K _For this channel _OFD!V_' (OFDMA) is _an a_lttractlve
for M > K it is shown to achieve near optimal sum-rate transmission scheme as it facilitates scheduling in the fre
performance at low transmit power to receiver noise power réio. quency domain and simplifies receiver equalization. Howeve
Additionally, the proposed transmission scheme results inan  there is a substantial price to pay for this. OFDM comes at
equalization-free receiver and does not require any MU resarce 5 |9ss in spectral and power efficiency owing to the insertion

allocation and associated control signaling overhead. Ads the . . . ;
sum-rate achieved by the proposed transmission scheme isostin of cyclic prefix. Moreover, the signals resulting from OFDM

to be independent of the channel power delay profile (PDP). In modulation have a very large peak-to-average ratio, reggir
terms of power efficiency, the proposed transmission schenadso the RF power amplifiers to work with a large power backoff

exhibits an O(M) array power gain. Simulations are used to and in an operating regime where they have low efficiency.
confirm analytical observations. For this reason, single-carrier or single-carrier-likedntation
Index Terms—Single-Carrier Transmission, Large MIMO. schemes like DFT-precoded OFDM are often used when there
are stringent requirements on power efficiency of the RF
amplifiers. Single-carrier signals have a much lower peak-t

o ) average ratio and can be shaped to have constant envelope
Multiple-input multiple-output (MIMO) systems have at-gyen in multiuser MIMO systems [6].

tracted significant research interest during the last dechce The contributions made in this paper are summarized as

to various advantages they promise, both in single usemd] &qjows. 1) We firstly propose a low complexity single carrie
multiuser channels [2]. It has been recently shown that thensmission scheme for the frequency selective MU-MISO
employment of an excess of antennas at the BS (very lariggc. 2) At low total transmit power to receiver noise ratio,
MIMO) offers unprecedented array and multiplexing gainghe proposed transmission scheme is shown to effectively
both in the uplink and in the downlink [3], [4]. The array gaingyppress intersymbol interference (ISI) and MU interfegen
offered by very large MIMO systems allows for power savingg; each receiver, thereby achieving near optimal sum-rate
that scale asl/M and_l/\/M with perfect and imperfect performance. 3) Additionally, the proposed scheme does not
channel state information (CSI) respectively, whéteis the yequire any receiver equalization. Also, its simplicityoals
number of BS antennas [5]. The multiplexing gains offere@, separate, decentralized computation at each BS antdjina

by very large MIMO allows tens of users to be allocated thgn, chievable information sum-rate is derived for the pregmb
entire system bandwidth simultaneously. This eliminatea t scheme. This sum-rate is further shown to be invariant of the
large extent the need for resource allocation and the &#80Ci -hannel PDP. 5) In terms of power efficiency, the proposed

control signaling overhead. Since each user communicalgheme is shown to exhibit an array power gain proportional
over the whole system bandwidth, even low per user spect{glihe number of BS antennas.

efficiencies can result in very high per user throughput. In
a MU-MISO GBC with K users andM > K (very large
MIMO), a low per user spectral efficiency implies an opergtin Il. SysTem MODEL

regime where the ratio of the total transmit power to the A frequency selective MU-MISO downlink channel is con-
receiver additive noise power is small. Since MU interfe®n gigered, with )/ BS antennas and single antenna users.
at each receiver is proportional to the total transmit poWe The channel between the-th transmit antenna and the
additive noise dominates over MU interference and theeefof, yser is modeled as a finite impulse response (FIR) filter
even su_boptlmal precoding algorithms (Ilke_beamfprmmthm with L taps. The-th channel tap is given by/d;[k]h; [m, k],
the_conjugate transpose of the channel gain matrix) have n@mere hi[m, k] and d;[k] model the fast and slow varying
optimal performance. components, respectively. In this paper we assume a model
. . __where h[m,k] is fixed during the transmission of a block
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selective channel for the-th user Let x,,[i] be the symbol / pf L Lo HGL l)vH[k:]v Ksali — a]
transmitted from transmit antenna at time:. The received ! fralMok

signal at usek at timei is then given by aa;OL . mdx(a 0
L-1 M Intersymbol Interference (ISI)
[i] = Z Z \/F[k’]hzk [m, k]zm[i — 1] + nkli], (2) I ~1 min(L—1+a,L—1)
=0 m=1 H .
where ng[i] is the CA’(0, 1) distributed AWGN at thek-th VM ;;L ~ Z( o Velor-alglealé = o]
receiver at timei. Definey[i] 2 [yi[i], ..., yx[i]" € CX to a7k
be the vector of received user symbols at timeSimilarly, Multiuser Interference (MUI)
let x[i] = [21[i],. .., zum[i]]" € CM be the transmitted vector +@,[fl ®)
at time i. Let n[i] = [nuli], ..., nkli]]", with independent AWGN
components. The received signal vector at tilné given is the effective noise term. This term includes (i) the IFver
by yli] = L 1D1/2Hl z[i — 1] + n[i], where D, 2 which represents the variation of the desired signal aratsnd
diag{d[1],...,d;[K]}, and H; € CM*K is a matrix whose Mean, (i) the ISI term between the current symbol of user
(m, k)-th element ishy[m, k. Also the channel PDP for eachi-€. s[i], and the symbols intended to the same user at other
user is normalized such that time instances (i.esx[i + 7], j # 0), (i) the MUI term due to
L the information symbols intended for other users and, te) t
Z Akl =1, Vk=1,..., K. (2) AWGN term. In the proposed precoder, each user’s codeword

is long enough such that it spans across multiple coherence
The BS is assumed to have full CSI, whereas the users havervals. With long codewords, the effective variancenbfi|
knowledge of the channel statistics oAly. is no longer dependent on a particular channel realizatidn b
Let si[¢] denote the information symbol to be commuenly depends on the channel statistics. From this it follows
nicated to thek-th user at time:i. The information sym- that the desired signal[i] is uncorrelated with the effective
bol vector s[i] = [si1]i],...,skl[i]]” is considered to have noisen,[i], i.e. E[s[i]n}[i]] = 0, where the expectation is
i.i.d. CN(0,1) components, i.eE [s[i]s”[i + j]] = Ixd;, taken over the channel realizations, the information symbo
E [s[z’]sT[i +j]] = 0. In this paper we propose a precodin@nd additive noise. Therefore, with long codewords the ehan
scheme, where the transmitted vector at tiitie given by nel is effectively an additive noise channel with the noise
n;[i] being non-Gaussian and uncorrelated to the information
@li] =\ 7% Pr Z H,D!’sli +1], (3) symbol sy [i]. Further, the user has perfect knowledge of its
A channel statistic and therefore it knows the scaling factor
wherep; = E {Hfﬂ[ 1l } is the long-term average total powery™~"" ' [v/7 [k]v;[k]]. Hence, an achievable information rate
radiated by the BS antennas. In the following, we derive dor the channel in (4) is given by considering the worst

achievable sum-rate for the proposed precoder in (3). case uncorrelated additive noise having the same variasice a
n}[i]. Given that the data signaii] is Gaussian, the worst
I1l. ACHIEVABLE SUM-RATE uncorrelated additive noise is circularly symmetric Gaarss

The bounding technique of [7], [8] is used here to obtaiflistributed with the same variance ag[i]. Therefore, the
an achievable rate. In the following, a set of achievabf@llowing information rate is achievable for theth user
rates is presented. For notational brevity we defing] =
HlDl/zek, whereey, is the all-zero vector except for thie
th component which is equal to 1. Using (1) and (3) the signa - 2] .
recewe% by uset: at tlmeqz is given by 9@ and Mihere Sk = By U i Lico B [vf! [kfvi[K] S’“m‘ } S

the average power of the desired signal term in (4) and

- (,/% gﬁ[mk]mm])sk[m mlil, @ Var(epli) 2 E [ngli) - )]

Ry, = log, (1 + Sk/Var (njli])) (6)

Effective Noise Term Proposition 1: The variance ofn} [i] is invariant of any
Desired Signal Term PDP that satisfies (2), and is given by
wheré
o1 Var (nyli]) = ps + 1. (7
1A .
nili) £ || 2 <Z ol koilk] - S E [U{I[k]m[k]D skli] _ o -
1=0 1=0 Proof: Using (5), the effective noise variance is given by
— K L-1L-1
Additional Interference Term (IF)
Var (nifil) = 2L 73" 3 (dimakldifg] + difkldi-ala))
1PDP determines the distribution of the received power acdifferent ¢=1a=1 I=a
channel taps. K L-1
2In a time division duplex (TDD) system, CSI at the BS can be ac- + £r Z Z di[k)di[q] + 1, (8)
quired through uplink training and exploiting the uplinkvanlink channel a=1 1=0
reciprocity.
3F0”0W,ng [71, [8, we have split the coefficient of the term where the expectation is taken over the stat|st|csHQf l =
ke Sl wilk] g k] sk [i] into a sum of its mean value (which is {0,. — 1}, sli+a], a={1— — 1} andng[d].

Known to the receiver) and the deviation around its mean. Deflne A € RE*L such that[A lij = dj,l[i] and letl ¢



{1}£*L denote the matrix with all entries equal to one. Thery time with large blocks (block size> L), where in each

(8) can be expressed as block the last few transmit vectors are zeros so as to avoid
K L1L-1 any inter-block interference. The sum-capacity for thisgse
Var (ny[i]) = %fz > ek (el,aﬂeﬂl user MIMO block channel is given by beamforming along
g=1a=1 l=a the right singular vectors of the effective channel matrix,
. . o Ko . thus transforming the channel into a set of parallel channel
+ el+1el*a+1> Aleg+ 52 Y eidAe; +1 Gaussian symbols are communicated over the parallel ckeanne
. =t and power allocation is given by the waterfilling scheme.
_Pr Ze%‘AlATeq i1 ©) With |.|.dHcompIex normal entries i, it is clear that for
K~ fixed i, Bt 1 as M — oc. Therefore forM > K,
From (2) it follows thateZ A1 = [1 ... 1]. Using this fact the K singular values ofH; are all roughly equal to,/A/
in (9) completes the proof. m (i.e., the power gain for each parallel channekis\/). With

It is apparent from (7) that the variance of the effectiveseoi @ uniform power allocation op;/K across parallel channels,
consists of the variance of the white noise term (which)is the co-operative upper bound on the ergodic sum-capacity of
and the variance of the sum of interference terms (which tiee GBC is given by

. In the following we provide an explanation as to why the
\p/giance of the ef‘fgectivep noise term :Os invariant of the yPDP. Cooonlps, M, K) ~ Klog, (1 + ps M/K). D
Note that the precoder in (3) is like a matching pre-filter &0 e conclude our analysis with two propositions on the near-
impulse response is a time reversed and complex—conjuga(tﬁﬁima"ty and the array gain of the proposed precoder.
image of the channel impulse response (CIR). Due to thisproposition 2: Whenp; < 1 and M > K, Rsum~ Ceoop
special structure of the proposed precodgy;] is composed and the proposed precoder is near-optimal.
of terms which consist of all non-zero auto-correlationsladg Proof: Observe that whem; < 1, the effective noise
the CIR for thek-th user (ISI term in (5)), as well as all crossvariance, Vafn),) = p;+1 ~ 1 (essentially the additive white
correlation lags between the CIR of ugeand the CIR of the nojse dominates over the interference terms in (5)). lofe

remaining (K — 1) users (MUI term in (5)). The effective that, iy + K ~ K and therefore the expressions in (10) and
MUI in y,[i] from the symbols intended for theth user, (11) are approximately equal. m

depends only upon the total power in all channel correlation proposition 3: The proposed precoder exhibits &A1)
lags between the CIR's of the-th and theq-th user. Due array power gain.
to the same channel and information symbol statistics for al  proof: For the proposed precoder, using (10) the mini-

users, the effective MUI iny;[i] from each of the remaining mum transmit powep; required to achieve a fixed desired

(K —1) users is identical, and is independent of the individua\m-rate Rg,m with K users andM BS antennas is given
PDPs (the total power in the cross-correlation lags deper\éjs (M) = K (2fsum/ K _q) 1 opr()
only upon the total power in the CIR for each user, which is” */ T MK (28sun/K 1) M ps(M) —

independent of: due to (2)). m > 0 from [9] it follows that the proposed

Further, the useful signal term img[i] is proportional precoder achieves af(M) array power gain. m
to the zero-lag auto-correlation of the CIR for the This implies that for a sufficiently largaZ, pr(M)/p(1)
th user. This zero-lag auto-correlation (i.e. maximum gaif/)/ (i.e. the total transmitted power can be reduced linearly
combining of the lags) is proportional to the total chanpy increasing the number of BS antennas). A similar analysis
nel power gain (combining all taps) from th&/ BS an- of the co-operative sum-capacity (see (11)) reveals theaath

tennas to thek-th user and is therefor®(M). The av- ray power gain achieved by a sum-capacity achieving scheme
erage power of the desired signal term in (4) is giver alsoO(M).

by B |/ e S B of (o] sl | = o/

Using this fact and (7) in (6), the achievable raf for

userk is given by R, = log, (1+ pfM/(Kps + K)). The In the following, representative simulation results are-pr
achievable sum-rate is therefore given by sented, where the performance of proposed precoder is com-

X« y pared to the co-operative upper bound. Throughout the con-
_ _ Pf ducted simulations, the PDP is exponential with = 4
Raum(py, M, K) ;Rk K log, (1+Kpf—|—K)' (10) and dj[k] — %’ I = {0,...,3}, where 6, =
For the sake of comparison, we also consider a co-operatije— 1) /5, k = {1:,0. .., K}. As proved in Proposition 1, the
upper bound on the sum-capacity of the frequency selectiaehievable sum-rate is invariant of the PDP. Hence, anyrothe
GBC# Essentially, we get an upper bound by considering tHRDP which satisfies (2), would also yield the same results.
users to be co-operative, which reduces the MU channel Rooposition 2 is supported by Fig. 1, where the sum-rate is
a single user MIMO channel, with perfect CSI at both thplotted as a function ofp;, for M = 50 and K = 10.
transmitter and the receiver. We further consider transiois The sum-rate performance of the proposed precoder is given
4 _ , both by the theoretical expression (10) and via simulations
The sum-capacity of the MIMO GBC is known. However, for theulés

reported in this paper, it suffices to consider only the cerafive upper bound Sim”arly*.the_ CO'OPerative sum-capacity u_ppelr bo_und is ca
on the sum-capacity. culated via simulations and by the approximation in (11). Fo

. Sincelimy;— o

IV. SIMULATION RESULTS
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jgjﬁggﬁgzgg ﬁ:ggggg: g{‘n‘igfjﬁgi;’ | | » where T, is the duration of the cyclic prefix and, is the
sl S A e o B (1) rd duration of the useful signdl.From (12) it follows that, to
// achieve an ergodic per user information rate tpcu the min-
) prd i imum required total transmit power is given WFDM(r) ~
g e L (2r(TutTw)/Tu — 1) . For a given desired per user ergodic
e . : 0 § information rate, the additional total transmit power riggd
E N under OFDM transmission when compared to an optimal
@ 2 ‘ ; : GBC sum-capacity achieving scheme is upper bounded by
« pFTOM(r) /pF(r), wherep™(r) = (27 —1)K /M is roughly
10 equal to the required transmit power for the co-operativa-su

capacity bound to be' K bpcu (see (11)). The additional
transmit power required under OFDM transmission is therefo
. or(1+Tep/Tu) _q . or(1+Tep/Tu) _q

given by *=————. Since =———— > 1 and the
total transmit power required by the proposed precoder is
roughly equal to that required by a sum-capacity achieving

—20 —15 —10 pf—[%B] o 5 10

Fig. 1. Sum rate of the proposed precoder and the co-operstimn-capacity

upper bound vg ¢, calculated forK = 10 users,M = 50 BS antennas.
R : ; ‘

: : :
—&— Proposed Precoder

- ; L | T SRS Sotna ToRary Bound ) scheme {/ > K andp; < 1 (see Proposition 2)), it can be

uf

concluded that the proposed precoder is more power efficient
than OFDM transmission for larg®// K. As an example, for

a typical IEEE 802.11a scenario witfy, = T.,/4, a desired

per user information rate = 1 bpcu andM > K, this
additional transmit power required under OFDM transmissio
when compared to the proposed precoder is 1.39 dB. The
minimum transmit power required under OFDM transmission
is also plotted in Fig. 2, where it can be seen that for
M > 4K the proposed precoding scheme is more power
efficient than OFDM transmission and requires no equabpati
1855 o0 ‘ : ‘ : 350 a0 at the receiver (Note that equalization in OFDM receivers

150 200 250 300
No of Base Station Antennas (M)

Fig. 2. Minimum required transmit power to achieve a fixed peer requires FFT processmg).
information rater = 1 bpcu as a function of the number of BS antennas.

Power [dB]
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