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Abstract—In this paper, we present novel precoding methods (CSIR) was exactly characterized in the seminal paper by
for multiuser Rayleigh fading MIMO systems, when channel sate  zZheng and Tse [2]. A key finding in this work is that,
information (CSI) is available at the transmitter (CSIT), but not for Rayleigh fading MIMO channels with perfect CSIR, the
at the receiver (CSIR). Such a scenario is relevant, for exapie, in . . . '
time division duplex (TDD) MIMO communications, where, due maximum diversity order can at most b€, N, Where_NT
to channel reciprocity, CSIT can be acquired directly by seding and N; denote the number of antennas at the receiver and
a training sequence from the receiver to the transmitter(s) transmitter, respectively. Since that early result, DM$ haen
We propose three transmit precoding schemes that convert extended to various cases with full/partial knowledge of CS
the fading MIMO channel into a fixed-gain AWGN channel, 4t the transmitter (CSIT) and receiver (CSIR), and various

while satisfying an average power constraint. We also exteh It h Is. H ¢ it di it h d
one of the precoding schemes to the multiuser Rayleigh fadin muliuser channels. However, ransmit diversity scheraas,

Multiple Access Channel (MAC), Broadcast Channel (BC) and the corresponding achievable DMT, of a fading MIMO channel
Interference Channel (IC). The proposed schemes convert ¢h with CSI available only at the transmitter and no CSIR has

fading MIMO channel into fixed-gain parallel AVGN channels received relatively little attention in the literature. i$his
in all three cases. Hence, they achieve an infinite diversity perhaps because the acquisition of CSIT has typically been

order, which is in sharp contrast with schemes based on peré . . o .
CSIR and no CSIT, which at best achieve a finite diversity viewed as a two-stage process: CSl is first acquired at the

order. Further, we show that a polynomial diversity order is rgceiyer using a known training sequence in the for\Narki-I.in
retained, even in the presence of channel estimation errorat direction, and then fed back from the receiver to the trattemi

the transmitter. Monte Carlo simulations illustrate the BER qgver the reverse-link in a guantized or analog fashion. Thus
performance obtainable from the proposed precoding scheme the eyisting studies inherently assume an initial estiomatf
compared to existing transmit precoding schemes. CSI at the receiver. However, when the channekidprocal
Index Terms—Transmit precoding, diversity order, multiuser e  when the forward and reverse channels are the same,
MIMO systems, time division duplex communication. CSI can be directly acquired at the transmitter by sending
a known training sequence in the reverse-link directione Th
. INTRODUCTION channel can be modeled as being reciprocal, for example, in
Time Division Duplex (TDD) communication systems [3]-
P?].l This reciprocal nature of the channel opens up the
fossibility of acquiring CSI only at the transmitter wititou

. . : needing to first estimate the channel at the receiver, byisgnd
the interference at unintended receivers, and also etquall?z 9 N5G

- N . a known training signal from the receiver to the transmitter
or mitigate the effect of fading in the wireless channel. | . . .

. ) . o " For example, if a user station (STA) wishes to send data to
environments such as in vehicular communications, aaigevi_ . . -
these goals simultaneously is particularly challengirigees - wireless access point (AP), the STA could send a training

g yisp y ginge signal followed by the data, or the AP could send a training

the channel est|mat|c_>n_and precoded data transm'SS'Om;).h""}s‘?‘gnal to the STA, followed by data from the STA to the AP. In
have to complete within the relatively short coherence ti

'MBe former case, CSl is available only at the AP (the recgiver

of the channel. Moreover, it is of interest to find precoding, ., - . .
methods that are applicable to all types of multiuser chisnn While in the latter case, CSl is available only at the STA (the

. ransmitter).
such as multiple access channel (MAC), broadcast channgln )

(BC) and interference channel (IC); and this is the focus of n th|s. context, some important questions that.we seek to
this work answer in this work are: If perfect CSI is available only

. : . . : at the transmitter, what is the best diversity order that can
The Diversity-Multiplexing gain Tradeoff (DMT) of the fad- ) > ’ . ) . .
ing Multiple-Input Multiple-Output (MIMO) communication be achieved? How does it compare with the diversity order

system with Channel State Information (CSI) at the rec:eiv«%r:rat can be obtained when perfect CS| |s_ava|lat_)le only ?t
the receiver? Can such schemes be used in multiuser fading
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Transmit precoding methods utilize the knowledge of cha
nel state information (CSI) at the transmitter to maximize t
signal to noise ratio (SNR) at the desired receiver, mingmi



sion based power control in that the MRT and ZF precodirgy fixed-gain multiuser channel, thereby achieving an irinit
only achieves a finite diversity order, while channel ini@ns diversity order, while satisfying an average power coristra
does not satisfy an average power constraint at the tratesmit In Sec. IV, we illustrate the performance of the proposed
under Rayleigh fading for all antenna configurations [9]. Wechemes via Monte Carlo simulations. We show that the
show that our proposed schemes can convert a Rayleigh fadimgbability of error versus SNR curves exhibit the AWGNelik
MIMO channel into fixed-gain parallel AWGN channels, whilavaterfall behavior in both single-user and multiuser scesa
simultaneously satisfying an average power constrainhat tWe demonstrate a significant improvement in performance
transmitter. Further, we show that the schemes elegarntiyndx compared to existing schemes such as space-time block cod-
to the fading MAC, BC and IC, and achieve an infiniténg, zero forcing, and maximum ratio transmission schemes.
diversity order in all three cases. We also present simulation results with imperfect CSIT ob-
We start with a survey of the relevant literature. As alreadgined using reverse-link training, as well as with praadtic
mentioned, a diversity order a¥,N,. can be achieved with peak-to-average power constraints. The results show fitrat,
perfect CSIR [2]. This was extended to the MAC channgractical SNRs, the waterfall behavior is still retainede W
in [10]. On the other hand, an exponential diversity ofdemn offer some concluding remarks in Sec. V.
be achieved when perfect CSl is availablebath transmitter ~ Notation: We use boldface capital letters to denote matrices
and receiver [11]. It is also known that under partial CSI&nd boldface small letters to denote vectxs., X tr(X)
and perfect CSIR, a diversity order greater th&pV,. can denote the transpose, hermitian and trac&ofrespectively.
be achieved in the single-user case (See [12]-[14], and [he ¢> norm of x is denoted by|x||. We denote the real part
18] in [15]). Similar results have been obtained in multiuseind absolute value of a complex numleby R{c} and|c|,
scenarios with and without partial CSIT (See, e.g., [L6)P2 respectively. We usd/(0,1) (andCN (0, 1)) to denote a real
In [11], it is shown that polynomial diversity order can b&and complex circularly symmetric) Gaussian random véeiab
obtained at high SNR region, when imperfect CSIT and CSiith zero mean and unit variance. The expectation/ @f)
are available. For obtaining the result, it was required &ken with respect to a random variableis denoted byE,[f(x)].
the assumption that the receiver also have, as side-infmma In the next section, we describe the proposed precoding
the noisy CSI that is available at the transmitter. In thevaboschemes in the single-user case. We extend the schemes to
papers, the available CSIT is exploited either for invertinthe multiuser cases in Sec. Ill.
dominant modes, or for power control, to improve the divgrsi
order, under the assumption of perfect CSIR. In [9], [21BH2 ||, TrRANSMIT PRECODING WITHCSIT AND NO CSIR:
channel-inversion based power control and precoding was SINGLE-USER CASE
considered without CSIR. However, channel inversion eith
fails to satisfy the average power constraint [9], or reggithe
use of regularization [21] or computationally intensivéisge  In this subsection, we present our first precoding scheme,
encoding schemes [22], [23]. Multiuser precoding based #hich is based on Maximum Ratio Transmission (MRT) [25].
vector perturbation was studied for the broadcast chandelkey difference between MRT and the scheme proposed
in [24]. below is that our scheme incorporates a different form of
Our contributions in this paper are as follows. We develdggower control, that enables one to achieve an infinite dityers
precoding schemes based on CSIT, that work for both singReder with Rayleigh fading channels, while satisfying an
user and multiuser fading channels such as the MAC, Baverage power constraint at the transmitter. We start with
and IC. In the single-user case, we propose three no¢ case of a single receive antenna awd > 2 transmit
and simple-to-implement transmit precoding schemes whightennas. Leh denote theN; x 1 Rayleigh fading channel
require CSI only at the transmitter (see Sec. ). We show th¢gctor, with independent and identically distributed.di)
our proposed transmit precoding schemes achieve an infirfit¥ (0, 1) components in the complex baseband representation.
diversity order, while satisfying an average transmit powén classical MRT, one usds/||h| as the beamforming vector
constraint. Added benefits of our proposed approach are tRathe transmitter. Here, we propose to yse: h/||h||? to
forward-link training is not required, and optimal decaglimt precode the unit-power data symbal The received signal,
the receiver is very simple. In Appendix A, we show that the € C, can be written as
average power constraint can be satisfied, and a polynomial T T
diversity order can be obtained, even in the presence ofneglan y= \/;thx +n= \/;x +n, Q)
estimation errors at the transmitter. ¢ ¢
We extend the precoding schemes to three kinds of muthere n € C denotes the receiver noise, distributed as
tiuser Rayleigh fading channels: the Multiple Access ClenrCA/ (0, 1), andk denotes a normalization constant. The average
(MAC), Broadcast Channel (BC) and Interference Channggnsmitted power can be written as
(IC) (see Sec. lll). We show that, in all three cases, the kp . o . kp 1
proposed schemes can convert a fading multiuser channel to Payg = EE[CC JE[p”p] = EE [W] : 2

2A transmission scheme is said to achieve an exponentialrsitye It is Straightforward to show thdk [1/Hh”2} _ 1/(Nt _ 1)
order of g if the average probability of error decreases with SNR a

O (exp(—B SNR)) [11]. Hence, all schemes that achieve a finite diversit;fOr Ny = 2 [26], [27]. He_nce* the power normalizatio_n
order have an exponential diversity order of zero. constant: = N,(N, —1) satisfies the average power constraint

S\. Modified Maximum Ratio Transmission Based Precoding



P.g = p. This average power constraint is the same as dlue to the signal being transmitted from multiple antennas,
past work that considers transmission schemes with CStfiereby converting the fading channel into a fixed-gain AWGN
e.g., [11], [12], [14], [15]. The corresponding SNR at thehannel. Now, we show that, with appropriately chosen, the
receiver is SNR= (IV; — 1)p. Thus, the above modified MRT above precoding scheme satisfies an average transmit power
based precoding scheme fully equalizes the fading chamdel @onstraint. The average transmitted power can be written as
achieves an infinite diversity order.

kp +HpHps
Remark 1. In Appendix A, we analyze the diversity order FPavg = EErﬂh [X p Px] ’

of this method, when the precoding vector is computed from 2
imperfect CSI at the transmitter, due to channel estimation — @Em [;ﬂ <1 + |u171|2 + 1 sEn { 1 ]
errors. We show that a polynomial diversity order of at least N [u1 2| u1 2| [[laf|>
N, — 1 is retained, even under imperfect CSIT. Rl 1} 1
—2 72 h |:—:| . (7)
. . |U1,2| Hh” )
B. QR-Decomposition Based Precoding Scheme
In this subsection, we consider a Rayleigh fading MIM(gor Rayleigh fading channels, it is known that [26], [27]
channel with N, receive antennas an®y; > 2N, transmit 1 B 1
antennas. The complex baseband signal model for the receive {W] N, -1’
signal at thei™" receive antenna can be written as 1 r (2N§71)
[rres 2lm) = To ®
yi =/ —h; Px + n;, 3
Ni whereT'(-) denotes the Gamma function [28]. Using (7) and

whereh; € CV¢ denotes the complex channel coefficient8), we can satisfy the average transmit power constraint of
between theN, transmit antennas and" receive antenna, Pavg = p by choosing
X = [¥1,%2,...,2n,]7 denotes arextendeddata vector of

_ —1
dimensionN;, and is derived from a data vectar € CNr 1+ Jug1|° P R{up a1} T ()
containing theN, symbols to be transmitted. We assume the ' lur o> Juisl? lup o> T(V:) ’
normalizationE[xx] = 1. Also, p, k and P denote, re- 9)

spectively, the average transmit power available acras&Vth whereu, > # 0 is chosen so that > 0 and finite. For example,
transmit antennas per channel use, a normalization cdnstarhen NV, = 2, one can choose
and anN, x N, precoding matrix. The noise is assumed to be
i.i.d. across receive antennas with entries fréi (0, 1). U= {
For ease of presentation, as in the previous subsection, we
start with theN,. = 1 case. Leth € C"* denote the channel which results ink = 1 and a received SNR of5p, i.e., a3 dB
vector. We set the precoding matix as loss compared to the unit-gain AWGN channel. Finding the
unitary matrixU that minimizes the SNR loss is an interesting
P = QU, (4) .
extension for future work.
where the unitary matrixQ € CM+*N¢ is obtained from the In the following, we extend the above QR-based precoding
QR-decomposition oh, i.e., h £ Qr, with r € CY+ and scheme to the case where multiple receive antenna chains are
upper triangular, with first element = ||h|| and remaining available.
elements equal to zero. Als®] € CV+*t is chosen to be an When the receiver is equipped witly, antennas, with
arbitrary, non-diagonal unitary matrix. N; > 2N,., our proposed extension leads . parallel, non-
Now, given the complex scalar data symbolthe extended interfering AWGN channels. The channel input-output iefat
data vectorx is chosen such that the following condition igs given by

4]

satisfied: 7

PHUR = 2. ) Y=\ H Pxtmn, (11)
It is easy to verify that (5) can be satisfied by choosing= =z, where the received vectoy € C"-, the channel matrix
Fo = 2(1 —ryuy)/ (rug2), andz; =0, for j =3,...,N;, H € CNo*Nr and the noisen € C"r. Denote the QR

wherew; ; is the (i, )" element of U, providedwu, » # 0. decomposition ofH by H = QR, whereQ € CN*"t is
Substituting fork and P, the above precoding scheme leadsnitary andR. € CV+*™+ is upper triangular. Note that, since

to the following equivalent channel: N; > 2N,, the rowsN,. + 1 through N, of the matrixR are
all zeros.

Y= \/Ex +n. (6) We consider the data vectar= [x1, =2, ..., zy,]7, and

N choose the extended vectrsuch thatR”Ux = x, where

In the abovek is a normalization constant independent otJ ¢ CV+*"t is a fixed non-diagonal unitary matrix. Now,
the channel instantiation, and its value is specified belotiie matrix R can be partitioned aR = [R# 0%]#, where
Thus, the proposed precoding scheme inherently equalizes submatriceR; and 0 are of dimensionV, x N, and
the effect of fading and also cancels the interference caugéV; — N,.) x N,., respectively. We set the firsY,. entries of



% asx. If we partitionx asx” = [x¥ x'H 0], whereo is Algorithm 1 QR-based Precoding Algorithm

a vector of(V; — 2N,.) zeros,x’ can be written as Inputs: Channel matrixt € C+*N+  data vectorx € CNr,
, _1 unitary U € CN+xNt | transmit powerp.

X =R (I-Ru)x, (12) Outputs: Transmit signak € CVt
whereR,; = R¥U;; andR,2 £ R¥U;,. The matrixU;;  Start
is the N,. x N, principal submatrix ofU, and the matrixU ., Compute QR decompositidH = QR
is the N,. x N, submatrix ofU obtained by taking the entries PartitionR = [R{' Of}, n y.n, 1™,
from rows 1 through N, and columnsN,. + 1 through2N,.. whereR, € CNrxNr,
Finally, we letP = QU, as before. Computex’ = R, x,

The above described precoding scheme leads to the input- andx” =[x x7 0 _,\ ]
output relation: ComputeP = QU
v \/@X - 13) Computek = Ny(N; — N,)/(N; — N, 4+ 1)
Ny Compute transmit signal = \/J’ifjﬁPi

and hence, we obtaily,. parallel, fixed-gain AWGN channels. End
By choosingk appropriately, we can satisfy the average power
constraint on the data signal, as we show next.

Noting that||x|> = ||x||*> + ||x'||?, the average transmitwherey; € R* denotes the received signal vector foe> N,
power per channel use can be computed from consecutive symbols. The channel vector between the tiansm
I antennas and th&" receive antenna is denoted hy € RV,
Pag = ﬁiEx’h [x"x +x"(I-Ru)"RR, and is assumed to have Gaussian i.i.d. entries with zero mean

and unit variance, denoted hy(0,1). The real O-STBC

X(I=Ru)x], codeword is denoted bX € RX*N:, The noise vector is
_kp 1 s — Hus—1 denoted byn; € R, and is assumed to have i.i.d/(0,1)
A L+ Etr (Bn [T~ Run) "Rz Ry entries. Also,p is the total transmit power available across

x(I—Ry)))]. (14) the N, antennas per channel use, ahds a constant used
_ _ _ _ . to meet the average transmit power constraint. Using the
Since the choice of the unitary matrl¥ is arbitrary, we can equivalent representation of the codeword makXixn terms

simply chooseU,; = Oy, and U;s = Iy,. Now, we get of its constituent Hurwitz-Radon matrices [29], it is shoimn
R, = 0 andR,, = R¥. Further, using Lemma 6 in [26], [30] that (19) can be written as

we have N
tr (En [RzRy']) = NN (15) yi = \/i[:iﬁix +n,, (20)
Hence, we can simplify the average transmit power as .
whereH; € R“* denotes the equivalent channel matrix and
Payg = @ {1 + ;] (16) the vectorx € R’ contains the symbols used to constriXct
Nt Ni = N, Note that,H; is obtained fromh; using a simple mapping
andk can be chosen as 7 RNt — REXE[30].
1 -1 For example, consider thiex 4 real O-STBC code designed
k=N, {1 + Nth} (17) in [29]. In this case, it can be shown that
to satisfy the average transmit power constraint’afy = p. §1 =82 —S83 54
The SNR per receive antenna for this scheme is given by xT — §2. 51 S4  TS3
S3 —84 S1 59 ’
snR— PN =N (18) [ 51 83 —s2 s
(1+ N, —N,) b he hs
The pseudo-code of the algorithm for the case whken = ~ hy —hy hy —hs
Oy, andU;, = I, is shown in Algorithm 1. H = hs —hy —hy hy |’ (21)
| ha  hz  —ha —M

C. Transmit Precoding Based on Real O-STBC Signaling h .
) , where s; denotes thej™ data symbol drawn from a finite

For our third proposed scheme, we consider real O'ST%%e constellationx = [s; s» s3 547, andh; = hji,j =

- ’ Jgo— gnd =

Elgnaglnga At the (;ec;ewer, wg ﬁon3|der the real p%rtlfcgot 2,..., N; are the channel coefficients between Mgetrans-
aseband received signal, and, hence, we can considemneothyli, 5 ennas and™h receive antenna. Here, for simplicity,

baseband equivalent channel as well as the additive nOise\ni?eshave omitted the receive antenna indei writing the
having real-valued components. Mathematically, the kecki expression foill

baseband signal at th& receive antenna can be written as: It is easy to see that the matrBl is orthogonal. In fact,

kp this property is true for all real O-STBCs. By the equivakenc
Yi= EXhi + i, (19)  of the two representations, we haXh = Hx. Multiplying



by X7 on both sides, we get wherekEy, 4 refers to the expectation over the distributionshof
andx. Sincep is the total power available for transmission per
channel use, to satisfy the average transmit power constrai

where XTX = flIy,, and 3 = YV, s2 > 0, sinceX is Of Pavg= Lp, we need
a real O-STBC codeword. Alsd,y, represents thév, x N; kpL 1
identity matrix. Now, supposk # 0, but the columns oH pL = TtEh [
are linearly dependent. Then, there exists a nonzetbat . _ .
lies in the null space ofI, and substituting such ax in the w2here the orthogonality property @ is used. Now,v is a
above leads th = 0, i.e., a contradiction. Hence, any nonzerd v, random variable when the channel is Rayleigh fading with
channel vectoh leads to arfI with full column rank. Next, i--d- AV'(0,1) entries, and it can be shown that

we show thatH is orthogonal. {1

Sh = XTHx

} By [x]2] (26)

«

Let x; and x, denote two data vectors ar¥; and X, = for Ny > 2. (27)

oj TN, -2
denote their corresponding O-STBC matrices. Furthex gt H ing that h entrvsof lized to h
denote thg™ column of Xy, for k = 1, 2. Due to the structure ence, assuming that each entry>ols normalized to have

. 91 .
of O-STBC codesx? x;; = —xLx;, for j # i, and unit (tengr?y,Ex[t|)|x|| ]t'_f'Lé :El)nd rt.]he average transmit power
Xfixm _ Xf,szj — xTxs [31]. Hence, constraint can be satisfied by choosing
' Ny (Ny — 2
T T T k= Ni(Ne = 2) ) (28)
WX Xoh =" " hihyx] xa L

i g Moreover, the SNR at the receiver can be computed as
= Z h?x{ixw = x7xy Z hi. (22) p(Ne =2)/L.

i @ Remark 2. Note that the O-STBC based precoding scheme
converts a Rayleigh fading channel intb parallel SISO
AWGN channels with a fixed gain overchannel uses. Hence,
xT (ﬂTﬂ) Xy = x”{xQth, (23) Wwe obtain an infinite diversity order with a single receive

7 antenna. Having additional receive antennas can improee th
received SNR, but does not increase the diversity order.ddne
the ways to handle multiple receive antennas is to do antenna
(Zz_\gl h2)I,. Thus, the equivalent channel matf is an selecthn. For this, the transmitter cho.oses.the receiveram

=1 . for which the transmit power required is minimum. The
orthogonal matrix. o o
selection index represented log, N, bits is conveyed to the

1) Proposed Transmit Precoding Schem&s before, we :
' : . . feceiver through other channels such as control channdis. T
first consider the single receive antenna case. We premulti-

ply the data vectox with the matrix P 2 fIT/a where average transmit power required in this case in naturallyéo

o = B2+t ...+ h?vt is a scalar. Then, we use thethan that is required for single receive antenna. Apply(Ad)

vectorPx to generate the real O-STBC codewdtdSince the Appendix B, for the case o = 4, L = 4 with real h;,
e . . we getk = N, in the 2 receive antenna case with antenna
channel matrixH is orthogonal, such a precoding equalizes o : .
the effective channel. i.e Selection, in contrast with = (N, — 2) for the single antenna
T case. Thus, wheiV; = 4, the above precoding scheme offers
kp -~ kp a nearly3 dB improvement in the performance with 2 receive
y =4/ HPx+n= N, + o (24)  antennas and antenna selection, compared to the singléveece

Ny
. . . antenna case.
In the above, the constarkt is used to satisfy the transmit

power constraint; we derive its value below. Note that, witRemark 3. The equivalent channel representation(20) and
the aforementioned precoding, optimal data decoding at tie orthogonality property ir(23) also hold for the complex
receiver is very simple, as the equivalent channel coneists2 x 2 Alamouti code (see Exercise 9.4 of [32]). Hence, the
L parallel Single-Input Single-Output (SISO) AWGN chanabove scheme also works with complex signaling wNer-
nels with their gain independent of the channel instamtmati 2, by using the compleXx 2 Alamouti code as the underlying
Since the effect of fading has been perfectly equalized at t9-STBC. In this case, with one receive antenna, it can be
transmitter, the proposed scheme achieves an infinitegiiyer shown thatE [1/a] = 1. Thus, the average power constraint
order. Moreover, as the equivalent channel has a fixed gafh satisfied in this case as well. However, the orthogonality
channel estimation is not required at the receiver. property does not necessarily hold for other complex O-
In the proposed scheme, the columns of actual O-STERIBCs. Due to this, the real O-STBC based transmit precoding
matrix transmittedX, are constructed using permutations angcheme does not directly extend to complex O-STBC signaling
sign-inversions of the entries of the precoded vedRx. except whenV; = 2.
Hence, the average transmit power ofechannel uses, which
is given by t(X”X), can be written as

K2

Using the fact thalXh = Hx, we get

The above equation holds for any pair of vectors and
xs, if and only if H is orthogonal andd”H = HH” =

Remark 4. Note that the instantaneous transmit power re-
quired in the above three schemes can be very large, especial
when the channel coefficients are small. However, under the

TpT
N, (Ehvx [x P Px]) (25) practical constraints on the peak power in practical power



amplifiers, one has to limit the peak power. Under this 2) QR-Based Precoding Scheme&onsider theM user
constraint, it is straightforward to obtaih to meet the average Rayleigh fading MAC with N,. antennas at the receiver and
transmit power constraint, in all the three precoding sckem N, > 2N, antennas at each transmitter (user). Using pre-
proposed in this work. coding scheme described in the previous section, the @teiv

) N, :
Next, we present CSIT-based precoding schemes for tﬂgnaly € C7 can be written as

fadi It MAC, BC and IC. M ko,
ading multiuser an y:Z /]5 HIP% +n, (31)
- t

Ill. PRECODING SCHEMES FORMULTIUSER CHANNELS

where H; € CM+*Nr denotes the channel between ti#e

In this section, we extend the above transmit precodinger and the receiver, distributed as i.Cav'(0,1), x; € CM
schemes to the multiuser MAC, BC and IC. We assume th#gnotes an extended data vector, and is derived from the
the wireless channels between transmit and receive antemsagplex data vectok; as explained earlier in the single-user
pairs are i.i.d. and Rayleigh distributed. An interestipgtfire case. Alsop; andP; € CV+*" denote the average transmit
of the proposed precoding schemes is that they require e@eiver available and the precoding matrix, respectively; co
transmitter to have knowledge only of the channel betweegsponding to theé™ user, andk is a normalization constant.
itself and the receiver(s), and not the other users’ channelhe components of the AWGN vectar are assumed to be
Hence, the proposed schemes do not require the exchanggisf CA(0,1). At the i transmitter, we choose the matrix
CSI between transmitters. We start with the multiuser MA®; as in Sec. II-B. With this precoding scheme, the received
with CSIT. data vector becomes

M
kpi
= X; + n. 32
A. The Multiple Access Channel Y ; V N, (32)

1) Real O-STBC Signaling Schem@onsider theM user Thus, the precoding scheme converts the x N, MIMO
MAC with N; antennas at each transmitter (user) and a singkayleigh fading MAC channel int®/,. parallel Gaussian MAC
antenna at the receiver. The received signat R” can be channels with a fixed gain, when CSI is available at the
written as transmitters.

M
Koy ~ .
y=2_ %Hmp(l)xi +n, (29) B. The Broadcast Channel

. t

=1 We now present an adaptation of the proposed QR-
wheren € R’ is the additive noise at the receiver, distributed€composition based precoding scheme to itieuser BC
as N(0,1); x; € RL is the O-STBC data vector; ang; with N, antennas at each user terminal aNgd > 2M N,
denotes the average transmit power from theuser. Also, antennas at the transmitter. Here, the combined channel ma-
P() denotes the precoding matrix employed by ifetrans- trix H € CNe*MN- petween N; transmit antennas and
mitter corresponding to its channel to the recei\ﬁl(,i) is M user terminals can be considered as a virtual MIMO
the equivalent channel matrix as defined in Sec. II-C, Andchannel, but with M N, individual messages. Lek =
denotes the power normalization constant. Now, we chodsgfisi,/P282; - - -,+/Parsu]’ denote the vector containing
PO 2 HG T /a; wherea; = ||h;||?, andh; is the channel the messages intended to thé users, where,; denotes the
from the i transmitter to the receiver, with i.i.dV(0,1) transmit power used by usérsuch that)_; p; = p, the total
entries. Then, as in Sec. II-C, the precoding scheme egsali2vailable transmit power, and the transmitted symibgls

the channel, and we obtaih parallel Gaussian MACs with C"" are drawn from a constellation satisfyitigjs;’s;] = 1.
transmit powersp;,i = 1,2,...,K. That is, the received Letx € CNt denote an extended message vector, derived from

signal can be written as x € CMN+ as described in the previous section. Hence, one
can write the signal model as

M
_ kpi 2
y—;\/ N (30) y:,/EHHPi+n, (33)

where k = N,(N, — 2)/L, for N; > 2. Hence, the pre- WhereP ¢ CNexNt is now a common precoding matrix for

coding scheme converts a Rayleigh flat-fading MISO MA@I! users is a normalization constant amde C*~ denotes
channel into a fixed-gain Gaussian MAC channel. MoreovéRe complex Gaussian noise vector at all fifereceivers.
the scheme only requires each transmitter to have knowledg®ow: the scheme proposed in Sec. II-B in the single-user

of its own channel to the receiver, and not the other usef&se is directly applicable to the multiuser BC. Note that,
channels. due to the possibly unequal power allocation across thespser

. . o we haver =E [XXH} = diag(pllN,‘, pQINT, Ce 7p]uINT).
Remark 5. It is straightforward to extend the modified MRTHence, the average power equation (14) is modified to:

based precoding scheme to the case of MAC. As in the case

of the O-STBC based scheme, this results in a fixed-gainpavg: kp tr (Cx {Inrw, +En [(I-Ru)"RIR)
Gaussian MAC albeit with complex signaling. We omit the Ny

details here for the sake of brevity. I-Ru)l}). (34)




Correspondingly, the transmit power normalization comista

. . 10 N T T
is given by ' e - &~ - 2x1 - Alamouti
N, s N —— 2x1 - MRT
(35) Q X B - ©--2x1- OSTBC Precoding

Y. - 4- - 2x1 - QR Precoding
—+— AWGN - Theory
@K 2x1 - Modified MRT precoding

g tr (Cx {I+En [R{7R']})’
where we have usetl,; = 0p/n, andUj2 = Iyyn,.. Thus,
the average power constraint can be satisfied, and the MIMC
channelH” ¢ CN:xMN- is converted intoM N, parallel
AWGN channels. Due to this, data received at the other users
are not required for symbol detection and decoding at a given
receiver.

Bit Error Rate (BER)

C. The Interference Channel

In this subsection, we extend the transmit precoding pro-
posed in the previous subsection to &huser IC. For ease
of presentation, we consider th&/ = 2 user IC, with 1°SNRindB
N; > 2M N, antennas at each transmitter aig antennas
?‘t eaCh. receiver. l.n contrast with .the B.C’ W(,:'t' now hMe_ 1 Fig. 1. BER comparison of the proposed precoding schemews aldth
interfering transmitters. The received signai'&treceiver can Alamouti code with perfect CSIR and MRT precoding with peti€SIR and
be modeled as CSIT for a2 x 1 system using the QPSK constellation.

2
[k e
yi = E Z Hi,ijxj + n;, (36)
=1 A. Single-User Channels

whereH; ; € CV+*Nr denotes the channel matrix between the

i transmitter andj™ receiver, having i.i.dCA/(0, 1) entries, the N, x N, = 2 x 1 and2 x 2 MIMO systems, respectively.
andn; € C"" denotes the Gaussian noise at iffereceiver, \yg compare the performance of the Alamouti scheme [34]
having ""d'CN(O.’ 1) entries. . under perfect CSIR, and MRT [25] under perfect CSIR and
Now, we exploit the fact that a user IC can be viewed as g1, \ith that of the proposed modified MRT, O-STBC and
a combination of two interfering BCs. We employ the powehg hased precoding schemes under perfect CSIT. It can be
allocation scheme despnbed for the BC, and chqese= p - gpserved that O-STBC based precoding needs abgsutiB
and P2 = 0 at .transm|tter1., and p; = 0 and p; =P at higher transmit power to achieve the same BER, compared
transml_tter2, with p denoting the per-user transmit POWEL, the QR-based precoding scheme, while the performance of
constraint, assumed to be the same for both users. We apgly o gified MRT-based precoding scheme matches with the
the precoding scheme presented for the BC in the previons,GN performance. Moreover, all three proposed precoding

subsection. Due to the zero power aIIocat_lon to the Sl9N%hemes exhibit the waterfall-like behavior, as in the AWGN
component from each transmitter to the unintended reGeIVEhannel, which is a significant improvement over the finite

the tral_ﬂsmitters do not need to I§n0W the data symb_ols be'&ﬁersity order offered by existing schemes. Note that the O
transmltt_ed_ by the other transmitter. Also, the receivers SSTBC based scheme is simpler to implement compared to
only thelr mtendt_ed messages, and hence do not ne_ed JQH'E QR-based scheme. Whe¥, — 2, both Alamouti and
decoding or multiuser detection, and the Rayleigh fading I§sTRc pased schemes use antenna selection at the réceiver.
is converted intoM N, parallel AWGN channels. Further, For the ZF precoding, we consider the scheme presented in

it is interesting to note that, wheh/ = 2, _the number of 35], with two users andV; = 2 transmit antennas at each
parallel AWGN channels corresponds preC|ser_ to the degr er. We plot the BER performance of one of the users, when
of freedom of the two useN; x N MIMO IC with perfect o ;sers employ equal transmit power. Also, the performanc
CSIT and CSIR [33]. of the O-STBC precoding scheme without antenna selection
IV. SIMULATION RESULTS is about3 dB worse than the unit-gain SISO AWGN channel,
as predicted by the theory. Employing the antenna selection
tween two receive antennas fills most of this gap. Thus, the
B%posed scheme converts a MIMO fading channel into an

Figures 1 and 2 show the BER performance corresponding

In this section, we demonstrate the performance of t
proposed precoding schemes using Monte Carlo simulatio
We consider a Rayleigh flat-fading MIMO system with = 2 equivalent SISO fixed gain AWGN channel,
or 4 antennas, andV, = 1 or 2 antennas. We consider . .

) To demonstrate the O-STBC based scheme with a higher

uncoded QPSK or 4-PAM constellations and compute the BER .

: 6 ) . - number of transmit antennas, we show the performance of
by averaging ovei(0® noise and10* channel instantiations.
We compare the BER perform_ance Of_ the proposed SChemfﬁNith receive antenna selection, we use the receive antemmatiich the
with other existing schemes in the literature that assumerage transmit power required is the minimum, for finding precoding
perfect CSIR and/or perfect CSIT, such as MRT [25]' SpaC@atrix at the transmitter. This cor_respon_ds to choosingatitenna fc_)r which
time COding [29]’ [34]’ and ZF precoding [35]’ and VeCtOtheb norm of the channel vector is the highest among all the recaitennas.

' : Note that data decoding requires limited CSI at the recesiace the receiver
perturbation based precoding for the BC [24]. requires knowledge of the antenna selected by the precatingme.
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Fig. 4. BER comparison of the Alamouti code under perfectRC&hd
proposed QR-based scheme under perfect CSIT, for2thel and 4 x 2

Fig. 2. BER comparison of the proposed precoding schemews aldth systems, with uncoded QPSK signaling.

Alamouti code with perfect CSIR with antenna selection, Zfdprecoding
for a2 x 2 system using the QPSK constellation.

the BER of the proposed scheme is parallel to that of the unit-
gain SISO AWGN channel. The gap between the two is about
3 dB and1.7 dB for the2 x 1 and4 x 2 systems, respectively,
which corroborates well with the theory in (18). Further,
the proposed scheme far outperforms the perfect CSIR-based
Alamouti coding scheme.

1) Precoding with CSI Estimated at the Transmitté&fow,
| we present simulation results when the channel is estimated
! at the transmitter using a reverse-link training sequernce c
sisting of 10 known symbols transmitted with0 dB power
. boosting compared to the forward-link data SNR. The MMSE

-3 —— - 4 . . . . . .
10 4% -0STBe LR channel estimator is used for estimating the CSIT. Sinutati

—6— 4 X 1 - OSTBC based precoding N R ) i
—E— 4PAM — AWGN - Theory Yoo results are provided for the O-STBC based precoder in Fig. 5;
\ B\ y % the behavior of the modified MRT and QR based schemes is
10 5 ‘ 15 20 similar, but it is not shown here to avoid repetition. It can
be seen that the BER performance is close to that obtained

with perfect CSIT, and that the waterfall-type behavior fué t
Fig. 3. BER comparison of the real O-STBC transmission sehém cyrves is retained.
[29] with perfect CSIR and proposed O-STBC based precodihgrae with . . . .
perfect CSIT for at x 1 system with 4-PAM constellation. The dashed curves 2) Transmit Precodlng with a Peak Power Constraint:

correspond to the scheme wifti. = 2 and antenna selection at the receiverHere, we present the simulation results when the peak power

used by the transmitter is restricted to a practical liméy(s

to 20 dB higher than the average power). Limiting the peak

) power does not invert the channel perfectly for those chlanne

a4 x 1 system employing the full-raté x 4 real O-STBC yeajizations where the peak power required is more tiedB
code in (21) with 4-PAM constellation symbols in Fig. 3gnove the average power constraint, but the transmit power
Also shown is the performance of thex 2 system with constraint is still satisfied with the normalization factbr
antenna selection at the receiver. In both cases, we setéhaljerived earlier. The BER performance is plotted as a functio
proposed precoding scheme renders the effective chanbel tqyf the SNR for the O-STBC scheme in Fig. 6; the behavior of
a fixed-gain AWGN channel at all SNRs, as expected. AlSghe other two precoding schemes is similar. It can be obgerve
the antenna selection between two antennas results in abggt the BER performance is very close to the one with no
3 dB gain in the BER performance for the proposed precodingak power limit, and the peak power constraint does not

scheme, while it results in a diversity order improvemeatrfr  gignificantly alter the behavior of the curves at practiddRS.
4 to 8 for the CSIR-based O-STBC transmission scheme.

Figure 4 shows the BER performance the QR based pre- )
coding scheme for the x 1 and 4 x 2 systems. We also B- Multiuser Channels
show the performance of the complex Alamouti code with In Fig. 7, we demonstrate the performance of the O-STBC
uncoded QPSK transmission and perfect CSIR. It can be sggacoding scheme for the MAC channel willf = 2 users,

Ant.Sel=0

Bit Error Rate (BER)

10
SNR in dB
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Fig. 7. BER performance of usetsand2, with QPSK signaling in & x 1
. . MAC. Here, the transmit powers at the users are set uging= 9/10SNR
Fig. 5. BER performance th&; = 2, N, = 1 system with O-STBC based o e SO ;
precoding and estimated CSIT. Here, estimated channefiagerfs are used and pz = 1/10SNR, and joint ML decoding is employed at the receiver.
for both CSIR based CSIT based schemes.
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Fig. 8. BER performance of useiisand 2 with uncoded QPSK signaling
Fig. 6. BER performance of th&/; = 2, N, = 1 system with O-STBC in a4 x 1 BC with p1 = p2 = 1/2SNR.
based precoding and a peak power constraint. The peak poagtimited
to be 15 dB higher than the average transmit power. As another exg@mpl
peak power limit of 20 dB is used along with estimated chameetor using

training sequence with 10 dB additional power than the datiasmission. a4 x 1 system with uncoded QPSK signaling. EquaI power is

allocated to both users, and, hence, the power normalizatio
constantk with the QR-based precoding scheme is given by
Ny =2,N, =1 andL = 2. We compare the performance of(17). We see that the performance of the QR-based precoding
the complex Alamouti code constructed using QPSK symbadsheme is parallel to the that of uncoded QPSK symbols in
with that of the proposed O-STBC based and QR basadunit-gain AWGN channel. Thus, the fading MIMO BC is
precoding schemes. Here, usé@nd2 are allocated/10 and converted into 2 parallel fixed-gain AWGN channels. In the
1/10 of the total transmit power, respectively. For decodinplot, we also show the performance of the vector perturhatio
symbols from the two users, a joint Maximum Likelihoodnethod for multiuser BC in [24] for the same antenna con-
(ML) decoder is used at the receiver. We see, again, that figuration, which also requires CSIT. The proposed scheme is
proposed precoding schemes are able to convert the fadirgg only simpler from an implementation point of view at both
MAC into a fixed-gain Gaussian MAC, with the QR based prahe transmitter and receiver, but also outperforms theovect
coding scheme marginally outperforming the O-STBC basgerturbation approach by aboutdB.
precoding scheme. Note that, since the precoding scheme for the IC follows
We next illustrate the BER performance of the proposdtbm that of the BC, it results in exactly the same perfornganc
precoding scheme for the two-user BC, in Fig. 8. We considas in the BC at the two receivers. Hence, we do not explicitly



10

10° ‘ ‘ ‘ ‘ ‘ in Sec. llI-A. For simplicity, considetV, = 1 and M-PSK
User 1 - Perfect CSIT modulated data. Leh € CNt denote the channel vector. Let
—e— User 2 - Perfect CSIT h = h + Ah denote the channel vector estimated using the
e —— QPSK-Theory uplink training sequence, which is used for precoding. We
assume that MMSE channel estimation is employed. Because
”’m,m of this, h and Ah are independent random variables [36].
i 8, | MoreoverAh is i.i.d. Gaussian with zero mean and variance
‘‘‘‘‘‘‘‘ 10 0B peak power lim o3 = g%/ptr, where pre is _the transmit power used during
e e - hgnne! the training phase, which is assumed to be equal to the data
| PoRgr boost transmit power, i.e.pr = p. Note that, the average power
e estima?}%“c%hannel
vector usiyg 10 dB
power boo:
A
8

= =
o o
o i

Bit Error Rate (BER)
=
o
&

o, constraint can be satisfied even wHeis used for precoding
B instead ofh. The norm ofh is a scaledy? random variable
‘ : with the scaling factof1 + o2 /p). Definej = p/o2. Hence,
12 14 16 using k = Ny(N; — 1) (1+ ') ensures that the average
power constraint is satisfied, for complex signaling.

Now, the received data signal, in (1), can be re-written as

N
o
aE

6 10
SNR in dB

Fig. 9. BER performance of useiisand 2 with uncoded QPSK signaling
in a4 x 1 BC channel withM = 2, py = SNR/2 and p2 = SNR/2. The

precoder used estimated channel matrix and peak poweafiamit kp o h
= {/—=h"——z+n,
Ne ]2
nH
illustrate the performance of the proposed scheme for2the — /@x _ /@ h AAhx +n. (37)
user IC. Ni Ne b2

kp
I Sl
Yy N,

(1>

>

)

IN

Finally, in Fig. 9, we show the BER performance obtained . .
for the 2 user BC with N, = 4, when the CSI is estimated Hence, the probability of error at the decoder is given by
at the transmitter using a training signal with dB power 9
boosting compared to the data SNR. Also, the peak powey, E. Pr B \/Ex
is limited to be10 dB higher than the average power. We "™ © h,z; J N
see that imperfect CSIT and practical peak-to-average powe o
constraints have little impact on the BER performance at Vi # i} R
i H
practical SNRs. E, . {(M C)Pr [4%{\/?h AAthi N n}
V. CONCLUSIONS t [l

In this paper, we proposed three novel, simple-to-impldmen > \/Edz_ ] } (38)
precoding schemes which utilize CSIT to convert a Rayleigh N ™[
fading MIMO channel into a fixed-gain AWGN channel,
thereby achieving an infinite diversity order, while satisff where we have taken the union bound, and used the fact that,
an average power constraint. Thus, if perfect CSI could fer M-PSK data,|x;|* = 1 anddZ;, < |z; — x;|*> < 2. Note
made available either at the transmitter, or at the receiwer that, with MMSE channel estimation, conditioned @n h
not both, the perfect CSIT option provides significantlyteet and Ah are uncorrelated. Due to this, the tettf Ah/|/h||?
resilience to fading. The proposed schemes not only offeecomes a scaled Gaussian random variable with zero mean
an improvement over CSIR-based techniques in terms of thied variance /(5| h|[2). Hence, we can write the probability
diversity order, but also admit single symbol ML decoding aif error expression as
the receiver. We extended the precoding schemes to thegfadin
multiuser MIMO multiple access, broadcast and interfeeenc

channels. In all three cases, we showed that the fading MIMOPe <E:. {(M-1)Q dmin kp
channel is converted into parallel fixed-gain AWGN channels ~“ ~ 2 4| N, (02 4+ _2kp )
Numerical simulations illustrated the significant perfame " lInlEAN
advantage of the proposed scheme compared to CSIR-based B 2 ko

transmit diversity schemes. Thus, the proposed precoding < M — 1EA B 4%(0%%)
schemes are promising for use in reciprocal MIMO systems, -2 h

where it is practically feasible to directly acquire CSI het
transmitter.

M—1 x _[ wﬁd%inwtwt—m(wﬁj) ]
< 4(YN¢+2N¢ (Ng—1) (145~ 1)) d 39
APPENDIX ) /e Fr(mdy, (39)
A. Diversity Analysis with Imperfect CSIT in the Modified

MRT based Precoding wherey = ||h||2. We split the above integral into two parts,
In this section, we show that a diversity orderf—1 can between the rangé$, ] and(c, o), wherec = 2(N;—1)(1+
be obtained with the MRT based precoding scheme presenged). Then, we can further upper bound the probability of

0



11

error as Substituting in (45) and taking expectation bfX, it is easy
M1l re [wﬁd%mmwtflxurl)} to show that
P, < / e 16N (Ng—1)(1+5— 1) 1 _K ©o© 1 .
2 o E[—} S Z —1t) ek s9 (a7)
o0 _[wﬁd%mNt(Nrn(uﬁ*l)} X ? = 2 + 1+ )
N
+ / ¢ = 2 (y)dy
M—1 . REFERENCES
< 5 [(1-F, (2N, —=1)(1+p7"))  (40)

(1]

~[d%’mn<Nt—1)<1+ﬁ*1)]
8

—p
xe
[2]
S 2

. M -1 /ew[—m]

2Nf+1(Nt _ 1)!(1 T ﬁ—l)Nt—l 0 [3]

Ne—1 — =
Xyt e (4D dy. (42)

(4]

It is now easy to see that, d@sgets large, the first term goes
to zero exponentially irp, and the diversity order behavior is [5]
determined by the second term. Now, the second term in the

above equation is given by

¢ 1 c [6]
Ni—1 _—ary — _ _
‘/0 v € d’7 aNt,l’Y(Nt 11@)' (42)
-
where o [pdZin/16 +1/(1+ p1)], and y(s,z) is the )
lower incomplete Gamma function [28]. Using an expansion
of v(s,x), we can write [

v (s,2) = [(s) [1 —e? ((:S__i)y + (:S—_;)! T 1” '

Now, substituting fors (N; — 1) and = c/a
32(Ny — 1)(1+ p1)?/[pd2; (14 p~*) + 16], and takingp
to infinity, we get

1 c o
WW(Nt—l,E) SO(p (N, 1)).

Hence, we obtain a polynomial diversity order/gf—1 when
using the proposed modified MRT based precoding scheig
with channel estimation errors.

[0

[10]

(43) 1]

(13]
B. Mean of the Inverse of the Maximum of Ty# Distributed
Random Variables

The CDF of the random variabl¥ £ max(X;, X5), where
X;’s are y?—distributed with K degrees of freedom, can bel15]
written as

[14]

(%, 5) [26]
Fx(z) = : (44)
L)
The PDF of X can be obtained by differentiating the abové

with respect tar, as

NG

fx(z) =

K z\ /z\5-1 _ (18]

I ( 2 ) o]
We expandy(s,

x) into an infinite series as

V(s 2) = ; e @
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