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Performance Analysis of Transmit Diversity in Multiuser
Data Networks With Fading Correlation

Kai Zhang and Zhisheng Niu

Abstract: This paper studies the performance of multiuser data
networks with transmit diversity under correlated fading channels.
Previous work shows that correlated fading reduces the link per-
formance of multiple antenna systems, but how correlated fading
affects the throughput of multiuser data networks is still unknown
since the throughput depends not only on the link performance but
also on the multiuser diversity. We derive the throughput of the
multiuser data networks with various transmit diversity schemes
under correlated fading channels. The impact of correlated fading
on the throughput is investigated. Analytical and simulation results
show that, although correlated fading is harmful for link perfor-
mance, it increases the throughput of the multiuser data networks
if the transmit scheme is appropriately selected.

Index Terms: Correlated fading, multiuser diversity, transmit di-
versity.

I. INTRODUCTION

Transmit diversity is one of the key technologies to combat
channel fading and increase the system capacity when multiple
antennas are available at the transmitter [1]. In the near future,
base stations (BSs) are expected to be equipped with at least
two antennas for downlink transmit diversity, which has already
been incorporated in 3GPP standard [2]. Recent work [3]-[5]
points out another form of diversity, known as multiuser diver-
sity, in a wireless data network with multiple users. The diver-
sity gain is from the fact that different users in the system usually
have vastly different channel states. Overall network throughput
is maximized by allocating the whole resource to the user with
the best channel at any one time.

The combination of multiuser diversity and transmit diversity
has attracted significant interests [6]-[10] recently. For slow fad-
ing systems, opportunistic beamforming [6] is desirable since
it converts a static channel to a time-variant one. However, for
fast fading Rayleigh channels, opportunistic beamforming does
not provide any performance gain. In [7], the impact of space-
time block coding (STBC) on multiuser diversity with greedy
scheduler is discussed. The authors conclude that since STBC
eliminates the probability of constructive peaks as well as the
deep fades of the fading channel, a scheduler based on single-
input single-output (SISO) outperforms a STBC-based sched-
uler. Similar results are also given by [8] and [9]. However, [10]
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illuminates that transmit diversity does not reduce system ca-
pacity when spatial diversity is exploited in an efficient manner,
which requires at least partial channel state information (CSI) at
the transmitter. On the other hand, it has recently been shown
that a BS with multiple antennas can transmit to multiple users
simultaneously to achieve higher rate when full CSI is available
at the transmitter [11]. Dirty-paper coding (DPC) allows the BS
to transmit to multiple users at the same time avoiding multiuser
interference by jointly encoding the transmitted signals [12], but
it is difficult to implement in practical systems due to high com-
putational burden when the number of users is large. Therefore,
this paper assumes that the BS transmits to one user at any one
time.

Most previous work assumes independent fading among the
transmit antennas, but antenna correlation is inevitable in prac-
tical systems. For instance, BS antennas in cellular system are
placed high above the ground and close to each other. Therefore,
the BS antennas are unobstructed and see no local scatterers, re-
sulting in high correlation among the BS antennas [13]. It is
well known that fading correlation reduces the link performance
of multiple antenna systems [14]. However, how correlated fad-
ing affects system capacity for multiuser data networks is still
unknown since network throughput depends not only on link
performance, but also on multiuser diversity. Although recent
work [15] has presented the concept of multiuser diversity in
correlated channel, their work mostly relies on simulations and
is limited to one transmit diversity scheme known as eigenbeam-
forming.

It is well known that multiple antenna systems provide array
gain which increases the average receive signal-to-noise ratio
(SNR), and diversity gain which reduces the impact of the fluc-
tuation of fading channels [16]. Previous work has shown that
with larger dynamic fluctuations of the channels, the more mul-
tiuser diversity gain can be achieved. Thus, the diversity gain
of the multiple antenna systems leads to the degradation of the
system capacity of multiuser data networks, while the array gain
does not conflict with the multiuser diversity, since increasing
the average SNR of each user also means increasing the average
SNR of the multiuser data networks. Therefore, if an appropriate
transmit diversity scheme keeps the array gain and only reduces
the diversity gain under correlated fading channels, the system
capacity may benefit from the correlated fading.

In this paper, we analyze of the impact of fading correlation
on the throughput of multiuser data networks with open-loop
and close-loop transmit diversity schemes. In Section II, the
channel model is given and five transmit schemes are presented.
After that, we derive the throughput of the multiuser data net-
works with different transmit schemes under correlated fading
channels in Section III. We analytically evaluate the impact of
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fading correlation on the system capacity and show how to com-
bine the multiuser diversity and transmit diversity under corre-
lated fading channels. After that, simulation results are given in
Section IV, while Section V contains our conclusions.

I1. SYSTEM MODEL

A. Channel Model

Consider a downlink model of a time division multiple
access (TDMA)-like cellular data network, where the BS
equipped with M, antennas sends packets to K mobile users
equipped with single antenna. The channels are assumed
to be quasi-static! flat fading and denoted by Hi(t) =
(h1,k(t), - has, k(t)), where h; (t) is the channel gain from
the 4th transmit antenna to the kth user at time slot ¢. Given that
the signal transmitted from the ith transmit antenna to the kth
user at time slot ¢ is s; x(¢), the transmit signal vector sy (t) is
(s1,6(t), -, sa,.6(t)). Weuse (-) and (-)T to denote the trans-
pose and conjugate transpose operation respectively, and (-)* to
denote the conjugate of a number. Thus, the received signal of
the kth user at time slot ¢ is

yr(t) (t) + n(t)

where n(t) denotes the AWGN term which are modeled as inde-
pendent, identically distributed (i.i.d.) zero mean complex Gaus-
sian random variables with unitary variance. The long-term av-
erage SNR of the kth user is denoted by pro and E[s} (¢)sk(t)] =
pro, where E[-] is the expectation operator.

Denote the covariance between h; ,(t) and h; . (t) by ri (4, 7).
Then the transmit correlation matrix of the kth user Ry is
(r(4,5)) p1,x 1,» Which is assumed to be time-invariant since
it varies much slower than the fading. The channel model of the
kth user at time slot ¢ is [14]

— Hi(t)sk M

Hy(t) = H(" (t)By @)

where the vector, H,(:”) (t), contains i.i.d. complex Gaussian en-
tries with zero mean and unitary variance, and the M, x M,

1
matrix BL is R} and satisfies BLB;c = R;.

B. Transmit Diversity Schemes

B.1 One Antenna Scheme

The baseline case is the SISO case, in which the BS has a
single antenna. The SNR of the kth user at time slot ¢ is

psiso,k(t) = prolhik(t)]?. (3)
The average of pgigo 1 (t) over time is

Elpsiso x(t)] = pxo- )

! Quasi-static means that the channel are constant over a frame length and
changed independently between different frames.

B.2 STBC Scheme

STBC was proposed in [17] to exploit full diversity gain with-
out CSI at the transmitter. The SNR of the kth user in the STBC
scheme is

psTBCX(t) = Pro HHk( )%

= j;OH“”)( DBBIH() ()
t

where |H (t)|| ¢ is the Frobenius norm of Hy (). Since BkBL
is non-negative definite Hermitian, it can be decomposed into

B:B] = U,D, U/, (6)
where Uy, is a unitary matrix and Dy, is a diagonal matrix with
the diagonal elements, d; 5, (1 < ¢ < M), which are not only
the eigenvalues of B kBL but also the eigenvalues of Ry (The-
orem 1.3.20 [18]). Without loss of generality, we assume that
diy > dag > 2> du x> 0.

Since Uy, is a unitary matrix, H,(cw) (t)Uy, still contains i.i.d.
complex Gaussian entries with zero mean and unitary variance
(Lemma 5, [19]). Representing H(w)( t)U, by H w)( t), we
have

%ﬁé’”%)mﬂﬁ”(n
t

= K0 Zdzkwhi“,; ™)

psTBC,K(t) =

where BE? (t) is the sth element of fI,(Cw) (t). Denoting Tr(-) as
the trace of a matrix, we get the average of psTrc, i (t) over time
as

Elpstack(t)] =

PkOZde
i=1

PO
— PR
M, (Ri)

= Pko- (8)

B.3 Optimal Transmit Beamforming With Perfect CSI Feed-
back

This scheme assumes that the BS has perfect knowledge of
the CSI for all the users. Given perfect CSI at the transmitter,
it is well known that the SNR of the kth user is maximized
by optimal transmit beamforming (TB), in which the trans-
mit signal is transmitted via all the antennas and weighted by
Ry 1 (£)/11H(¢)||  for the ith antenna. The SNR of the kth user
at time slot £ is

pr8.&(t) = prolHe ()] 7, 9

which is rewritten as

M,
pTB,k(t) = pro Z di,k‘h%) ()
=1

10)

with similar notations for the STBC scheme. Therefore, the av-
erage of prp k(t) over time is

Elprs k(t)] = Mipro- (11)
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B.4 Selected Transmit Diversity With Partial CSI Feedback

The optimal TB scheme requires perfect CSI feedback, which
is infeasible in practical systems due to large feedback band-
width requirement?. Selected transmit diversity (STD) scheme
[1] lets each user inform the BS about which antenna has the
largest gain for each time slot. Then the BS transmits a signal
only via the antenna with the largest gain. The SNR of the kth
user at time slot ¢ is given by

psTD,k(t) = pro_max |h; (t)|% (12)

1<i<M,

Actually, the system with STD scheme is equivalent to the
SISO system with M; K users. However, in the highly correlated
fading case, the gains of different antennas tend to be the same.
Therefore, selecting antennas does not obtain performance en-
hancement. Obviously, the STD scheme is not good for the mul-
tiuser system under correlated fading channels.

B.5 Eignenbeamforming With Long-Term CSI Feedback

The other transmit diversity scheme with low feedback chan-
nel bandwidth requirement is the eigenbeamforming (EBF)
scheme [20], which requires the slow-varying transmit antenna
covariance matrix of each user. The signal for the kth user is
transmitted via all of the transmit antennas and weighted by the
dominant eigenvector corresponding to the largest eigenvalue of
Ry. The EBF scheme maximizes the average SNR at the re-
ceiver. Given that the dominant eigenvector is Wy, the SNR of
the kth user at time slot ¢ is

PEBF,k(t) = pro|Hi () Wi |?

= poHY 0B W,WIBIH™ (). (13)

Since B kaW};BL is Hermitian, it can be decomposed as

B,W,WIB! =V, A, V] (14)

where Vj is a unitary matrix and Ay is a diagonal matrix.
Moreover, the rank of BkaVV;LB,TC is 1 and the only non-
zero eigenvalue is d; j, which corresponds to the eigenvec-

tor By W . Denoting H,(cw)(t)Vk, which contains ii.d. com-
plex Gaussian entries with zero mean and unitary variance, by
H;w) (t), we have

pEBF,E(t) = Pkoﬂiw)(t)l\kﬂiw)f(t)

= proda i |AL) ()] (15)

where izfjc) (t) represents the first element of I:I,(cw) (t). The av-
erage of pgpr i (t) over time is given by
E[pEBF,k(t)] = prodi k- (16)

2Most of the practical systems are frequency division duplex (FDD) and use
feedback channel to provide CSI at the transmitter.
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III. ANALYSIS OF NETWORK THROUGHPUT

In this section, we derive the throughput of the multiuser data
networks with the transmit diversity schemes of Section II and
a fair scheduler [21]. We also evaluate the impact of fading cor-
relation on the system capacity.

A. Throughput of Multiuser Data Networks

We assume that in each time slot ¢ all users track their CSI and
perfectly feed back the received SNR and some other CSI, which
depends on the particular transmit diversity scheme being used.
The BS selects the user k to send data in the next slot according
to the following fair scheduling rule

i Pr(t)

= argmax ——
ko Pk

a7

where py(t) is the SNR of the kth user in time slot £ and gy, is the
long-term average SNR of the kth user. Let ay(t) be pi(t)/ bk,
which is the instantaneous small-scale-fading channel gain.

Since the users are scheduled according to oy (t), the SNR
of the selected user in time slot ¢, §(t), can be expressed as a
multiplication process of two independent random variables of
the long-term average SNR of the scheduled user, p(t), and the
instantaneous small-scale-fading channel gain of the scheduled
user, &(t), as follows

(18)

=

pt) = p(t)a(t).
On the assumption of equal access time for each user, the prob-
ability density function (PDF) of p(t) is [21]

19)

where &(z) is Dirac delta function. The cumulative distribution
function (CDF) of &(t) can be computed on the assumption of
independent distribution of all a4 (t) [22] as

Fs(z) = [] Fou(®) (20)
k=1
where F,,, (z) is the CDF of a(t). Then, the PDF the &(t) is
d F5(x)
5 = 21
Thus, the PDF of j(t) is
f@ = [~ Lpstta (2) do
g oo fu] TP
K
1 1 T
=—=> —fal= (22)
K kzzl Pk (Pk)
The network throughput is then given by
C= / logy (1 + ) f5(z) du. (23)
0
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For particular transmit diversity schemes, the p;,’s are

PE,SISO = Pko, (24)
Pk,STBC = Pko, (25)

Pe,TB = Mipro, (26)
Pk, EBF = d1 kPko- (27)

Note that we do not analyze the system with the STD scheme
since it is obviously not good under correlated fading channels
as mentioned above. From (3), (7), (10), and (15), the oy (t) of
the transmit diversity schemes are

agsiso(t) = [hyx(®)l, (28)
1 &L
arsraclt) = 37 > dikl B ()7, (29)
i=1
1 &y
arn(t) = 53 d; o lRC (1), (30)
i=1
— pw) 2
areBr(t) = |hy (D). @31
Thus, the CDFs of oy, s750(t) and oy ppp(t) are
Fak,SISO ('17) = Fak,EBF (x) =1- e—m’ (-T > 0)~ (32)

The distributions of ax st (t) and ay, T(t) are given by gen-
eralized Erlang distribution, which is a kind of phase-type (PH)
distribution [23]. Let

e_(lala"'31>/7 (33)
———
M,
ﬂ:(laof"vo)a (34)
——
My
and
1 1
Tdh. @y 0
1 _1
da,e  dak
Ty = E - - (35)
1 1
drry—1,k th~11,k
0 T dar, k

The CDFs of ag sTec(t) and ay T8(t) are

Fak,STBc (CL‘) = Fak,TB (J:) =1-Fexp (Tkx) €, (55 > 0) (36)
where exp (Tyz) is > o, (Txz)" /n!. Moreover, the PDFs of
ak,sTC(t) and oy Ty (¢) are

fak,STBC (ZE) = fak,TB (a:) = ﬁexp (Tkm> (_Tke) ) (x 2 0)'
(37
Then, by (19)+(23) we obtain the network throughput with the
transmit diversity schemes under correlated fading channels.

B. Impact of Fading Correlation on System Capacity

In order to directly show the impact of fading correlation, we
simplify the transmit correlation matrix of all the users as

1 T p(Me—1)
r 1 p(M:—2)
R; = (38)
COM-1) (M-2) 1

where r (0 < r < 1) is the correlation coefficient. We denote
the eigenvalues of R by di,dg, -+ ,dps, and assume (d; >
dy > -+ > dp, > 0) without loss of generality. Thus, by
(19)-(273, we obtain the PDFs of the &(¢)’s with the transmit
diversity schemes as

fa,sis0(z) = faepr(z) = Ke ™ (1 - e_z)(K;l) (39)
and

farB(%) = fa,sTBC()
= Kfexp(Tz)(—Te) {1 — Bexp (Tx) e}(K_l)

(40)
where
1 1
T ’
Tdy  d2
T= ) (41)
1 1
dry—1 thfl
0 —m

Moreover, the PDFs of p(¢)’s with the transmit diversity
schemes are

K
1 1 x
~ 1 ~ 42
fa.s150(x) K kZ:l PkO Jasiso (pk0> ’ @
K
1 1 z
- RN N x 43
fasteelr) = £ £~ pio Jasteo (m) ’ “

K
1 1 z
PR : . (44
fars () K ; Mtpkof e <Mtpk0> “
K
1 1 L
_ ) = — & FAPY 43)
fsEBF(T) I ; dlpkof EBE (dmko) (

Therefore, by (23), (42)—(45) we obtain the network through-
put in this case. The network throughput with the transmit di-
versity schemes are shown in (46)—(49) in the top of next page,
where f5s1so(x), fa,stBC(), fa,rB(2), and fs per(z) are
shown in (39) and (40).

Assuming pro = 0dB (k = 1,2,---, K) and M; = 2, we
plot the network throughput with K = 1, i.e., the network
throug ut is equal to the link performance, in Fig. 1. Since
the fac 3z correlation decreases the diversity gain of the TB and
STBC schemes, the link performance dereases as r increases.
On the other hand, as r increases the EBF scheme achieves more
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o0 11 oz
Csiso = / log(l+2)— —fa,8180 (—) dx, (46)
St 0 g( )K ; PKO fast PKO
oo 181 z
C T =/ log(1l+z)— — fa,sTBC (—) dz “7n
steC(T) | g( )K kz—l P fa,sT oro ,
oo 181 z
Cre(z =/ log(l +z)— &,TB ( ) dx, 48)
8() 0 Bl )K ; Mtpkofa M pro
oo 13& 1 T
C z =/ log(l+2z2)— ( )d:z: 49)
EBF(Z) A g( )K kE::l dipn fa,EBF Tiore
1.5 T T T T T T T T T 3.2 T T T T T T T T
1,4-- B 3+ -
N 'y E
§ 13f ~ g 2.8 1
¥} 2
312t — 3 26f .
? 2
(-] (<]
£ ——s150 | A £ 24 |
*-‘6 —o—STBC %6‘
g 1| —=—TB 1 £ 22} .
= —a—EBF z ——sis0
ool 1 2t —e—STBC | |
) —a—TB
—&— EBF
0.80 0i1 0f2 0j3 014 0:5 016 017 018 019 1 1480 0t1 012 01.3 0f4 015 0;6 017 018 019 1

Fading correlation coefficient r

Fig. 1. System capacity under different fading correlation coefficient with
single user.

array gain leading to better link performance. Fig. 2 plots the
network throughput with K' = 32. The results illustrate that the
fading correlation improves the performance of the multiuser
networks with the transmit diversity schemes. Furthermore, the
EBF scheme with long-term CSI feedback achieves a perfor-
mance close to that of the optimal TB scheme when r is high,
e.g.,r>0.7.

Fig. 3 plots the network throughput versus the number of
users under low and high correlation, i.e., » = 0.1 and r = 0.7.
Firstly, the results show that the network throughput increases
as the number of users increases. Secondly, consistent with
previous observation, fading correlation improves the network
throughput with transmit diversity schemes. Furthermore, the
network throughput of STBC is worse than that of SISO, while
the network throughput of EBF is close to that of TB under high
correlation.

IV. SIMULATION RESULTS

In this section, we evaluate the system capacity of :: .. trans-
mit diversity schemes under correlated fading channels by sim-
ulations. In every time slot (1.67 ms), the users send back some
CSI to the BS which in turn selects one of the users to receive

Fading correlation coefficient r

Fig. 2. System capacity under different fading correlation coefficient with
32 users.

35 T ; !

2_5 oo B

o |——sis0
—o—STBC, r=0.1
—e— T8, r=0.1
J : : : : : | ——EBF, r=0.1
o B e RTINS P ioo|--o- sTBE, P=07]
¥ : : : : F - - N I
: : : : i {--4&- EBF,r=0.7
05 i i ; i ; a :
0 3 10 15 20 25 30 35 40
Number of users

Network throughput (bit/s/Hz)
N

Fig. 3. System capacity vs. number of users under different fading cor-
relation.

data in the next time slot by proportional fair scheduling [5].
Assuming the supported data rate of the kth user at time slot ¢
is Cj(t), the BS selects the user k with the largest Cy(¢)/Tk(t),
where the average throughput of the kth user Ty (¢) is updated
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Fig. 4. Average throughput of the transmit diversity schemes with 2 A

space between BS antennas with the angular spread 3° and 60° for
50 Hz Doppler frequency.

by
1— &) Tu(t) + £Ck(t), k
1—- &) Tu(t), k

i
x>

Ti(t+1) = (50)

LN
et

t. is constrained by the maximum delay tolerance and set to
3000 slots (5 seconds) in the simulation.

Path loss and Rayleigh fading are included and the Jakes
model [24] is used to simulate the time-varying channels. The
“one-ring” antenna correlation model [14] is used to model
the situation where the BS is elevated and seldom obstructed.
The users are distributed uniformly around the BS, which is
equipped with 2 antennas. The distance between the BS and the
users is from 100 m to 3000 m and the path loss exponent is 2.
Once a random location is determined for the user as described
above, the user’s location and transmit correlation matrix is un-
changed for 10 seconds (equivalent of 6000 time slots). After
6000 time slots, a new location is determined according to the
uniform distribution. A total of 50 locations are generated for
each user. The mean SNR of the users is assumed to be 0 dB.
The transmission data rates used in the simulations are the same
as that specified in Table 2 of [5].

In Figs. 4 and 35, the average throughput of the transmit di-
versity schemes with 2 wavelength (A) space between the BS
antennas with 50 Hz and 1 Hz Doppler frequency are plotted,
respectively. When the Doppler frequency is 50 Hz, the channel
coherent time is much less than ¢, and the channels are fast fad-
ing. Thus, the simulation results in Fig. 4 are similar as the an-
alytical results. Although multiple antennas are used at the BS,
the throughput of the STBC scheme is less than the through-
put of the SISO scheme because the CSI is not exploited at the
BS, while the transmit schemes with partial or full CSI feedback
can improve the performance to a greater extend. As the angular
spread varies from 60° to 3°, i.e., from low fading correlation
to high fading correlation, the throughput of the TB and STBC
schemes decrease when the number of simultaneous users K is
less than 4, but the throughput increases when K is more than
4. Moreover, the throughput of the EBF scheme is improved
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Fig. 5. Average throughput of the transmit diversity schemes with 2 X
space between BS antennas with the angular spread 3° and 60° for
1 Hz Doppler frequency.

greatly as the fading correlation increases and is close to the
optimal TB scheme in the 3° angular spread case. In compari-
son to the SISO scheme, the STD scheme achieves performance
enhancement, but the enhancement decreases as the fading cor-
relation increases. When there is only 1 user in the multiuser
network, the system is equivalent to a point to point link. In
this case, the performance of the system reduced as the correla-
tion increases. The optimal TB scheme achieves the best perfor-
mance in all the cases.

When the Doppler frequency is 1 Hz, ¢, is not much larger
than the channels coherent time, i.e., the channels vary slowly,
making the proportional fair scheduling can not select the user
with the best channel due to the delay constraint. As a result,
the multiuser diversity can not be fully exploited and the sys-
tem throughput decreases. In Fig. 5, the throughput of all the
schemes is less than the throughput in Fig. 4. Moreover, the sys-
tem throughput is affected more by the link performance of the
transmit schemes. Thus, the throughput of the TB and STBC
schemes decreases as the fading correlation increases. And the
throughput of the STBC scheme in the low correlation case is
even better than the SISO scheme. However, the EBF scheme
still has great performance improvement than the SISO scheme
in this case.

V. CONCLUSION

We have evaluated the performance of different transmit di-
versity schemes under correlated fading channels in this paper.
Although correlated fading is harmful for link performance, it
increases the average throughput of the multiuser networks with
TB, STBC, and EBF schemes, which has been validated by the
analytical and simulation results. Moreover, the EBF scheme
has been shown to be an efficient scheme to combine multiuser
diversity and multiple antennas with only long-term CSI feed-
back, which reduces the bandwidth requirement of the feedback
channel. Therefore, in order to improve the throughput of the
multiuser data networks with multiple antennas, we can use the
EBF transmit scheme and reduce the BS antennas space.
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