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Abstract

Multiple transmit and receive antennas, and the diverse matrix channel they create, are frequently touted as
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In this paper, the effectiveness of spatial multiplexing in the forward link of cellular CDMA systems with linear
(i.e. low complexity) receivers is investigated. General MIMO systems without spreading are a special case of
our analysis when the spreading gain is unity. Through the development of new closed-form results on outage
probability and capacity for MIMO-CDMA, we show that cellular MIMO outage capacity is severely degraded
by the enhancement of other-cell interference by the linear spatial receiver, and that a large number of transmit
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on techniques to reduce the impact of the other-cell interference. In addition to the derivation of outage probability
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I. INTRODUCTION

T is well known that wireless communication systems can dramatically improve their throughput
I and robustness by deploying multiple antennas at both the transmitter and receiver. A large suite
of techniques, known collectively as multiple input multiple output (MIMO) communications, have been
developed in the past several years to exploit the resulting multidimensional channel. Significant spectral
efficiency advantages can be achieved by exploiting the characteristics of MIMO channels [1]-[4]. How-
ever, such studies are primarily for a single point-to-point link and there have been comparatively few
studies on multiuser MIMO systems.

MIMO technology is heralded for its potential to significantly increase — by close to an order of
magnitude — the data rate of cellular and other wide area communications, which presently are mired at
data rates far too slow to attractively support wireless broadband access. Modern cellular systems, whethe
CDMA-based (1S-95 or 3G) or TDMA-based (GSM), are and will continue to be interference-limited,
since it is in the strong interest of service providers to provide universal frequency reuse and high per-cell
loading. The logical conclusion then is that in order to be effective, MIMO systems will need to function
reliably in an interference-limited environment.

The new dimensions provided by the multidimensional MIMO channel can be exploited to increase the
diversity of the system or for orthogonal spatial channels. Diversity is generally considered lower risk,
and a well-known example is space-time codes [5], [6], which have found adoption in 3G CDMA cellular
systems [7]. Diversity increases the robustness of the system by eliminating fades, and the capacity growth
is logarithmic with the diversity order. On the other hand, spatial multiplexing divides the incoming data
into multiple substreams and transmits each on a different antenna. If successfully decoded, it is logical that
this increases the capacity linearly with the number of transmit antennas (or communication dimensions),
which also has been proven in the information theory community [8]. Spatial multiplexing is thus more
exciting than spatial diversity from a high-data rate point of view, but there is a fundamental tradeoff
between them [9]. This implies that spatial multiplexing systems will likely need other forms of diversity,
such as spread spectrum and/or sophisticated coding.

CDMA is central to the worldwide 3G cellular standards, and is likely to be a dominant multiple

access technique in wide area wireless networks for the foreseeable future. CDMA systems are designec
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to operate in an interference-limited environment and primarily for this reason have proven efficient in
modern cellular communications. Additionally, CDMA systems with low or unity spreading factors can
be viewed as general interference-limited systems. For these reasons of current relevance and generality
we will adopt a MIMO-CDMA framework in this paper for analyzing the outage probability and capacity

of interference-limited MIMO systems.

Initial investigations on MIMO systems with co-channel interference can be seen in [10], [11], which
quantified the throughput of multicell MIMO systems with spatial multiplexing by computer simulations.
They showed that co-channel interference could seriously degrade the overall capacity of a MIMO system
with spatial multiplexing to the point of negligible improvement over single input multiple output (SIMO)
systems. The reason for this is that the independent data streams effectively become independent interferer:
and without any diversity, insufficient degrees of freedom to combat this co-channel interference are
available, unless the number of receive antenna is very large. More recently, the authors of [12] developed
an interference-aware MIMO receiver and showed that this multiuser receiver could in principle increase
the capacity of MIMO systems with co-channel interference over the prior result of [10], [11].

Although multiuser detectors considering both spatial and co-channel interference are simpler than the
optimum maximal likelihood (ML) detector, multiuser receivers have not proven viable in most wide area
wireless networks due to a number of reasons including complexity, noise enhancement, and insufficient
dimensionality. Therefore, one simple and hence attractive architecture is a linear spatial receiver such
as zero forcing (ZF) [13] or MMSE [14], followed by a matched filter CDMA receiver. Even when the
receivers do not take into account other-cell interference, conventional successive canceling receivers,
known commonly as BLAST receivers [15], [16], are based on joint detection and their complexity is
much higher than linear receivers. This study hence aims for a thorough investigation of the performance
of spatial multiplexing with linear receivers for multiuser MIMO cellular systems, since this is a practical
and straightforward option for future enhancements to current cellular systems.

Recently, an information theoretic investigation on the effectiveness of spatial multiplexing with linear
receivers has been provided in [17], [18]. The authors showed that although the capacity of a single, isolated
communication link could not be improved by reducing the number of substreams, it would be preferable

for capacity to have all users actually use fewer substreams in an interference-limited MIMO system
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with linear receivers and single user detection. It also stated that reducing the number of independent
streams was similar to power control since other users see effectively less interference when the number
of substreams is controlled. In addition to causing less interference to the other users, using fewer streams
may enable users to null interference with the extra degrees of freedom [17], [18].

Based on the intuition obtained from the recent research on the MIMO systems with co-channel
interference, the effectiveness of spatial multiplexing in cellular CDMA systems with linear receivers
needs to be carefully investigated. It is possible that although spatial multiplexing has a fundamental
capacity advantage relative to transmit diversity, that this advantage is lost in cellular MIMO systems
with linear receivers. Therefore, in this paper, we provide a general framework for analyzing the outage
capacity of cellular MIMO-CDMA systems and investigate the effectiveness of spatial multiplexing in
terms of outage capacity. We focus on the downlink where the demand for high speed data will be
dominant, whereas most outage capacity papers have focused on the reverse link due to its analytica
tractability.

Regarding the prior studies on cellular MIMO-CDMA systems, to the best of authors’ knowledge,
no papers addressing the effectiveness of the spatial multiplexing have appeared. Most of the papers or
MIMO-CDMA systems have focused on designing a new type receiver or a space time coding scheme, and
analyzing its performance, e.g. [12], [19]-[21]. Papers addressing throughput in the forward link of MIMO-
CDMA systems mainly rely on computer simulations [22], [23]. A referential study on MIMO-CDMA
capacity with spatial multiplexing and a modified multiuser V-BLAST receiver can be seen in [24]. They
determined the spectral efficiency for this system by integrating the link level bit error probability results
with the system level outage simulation results. In contrast, our contribution addresses linear receivers
and provides a general closed-form analysis of outage probability and capacity. In addition, we compare
the outage capacity of the proposed MIMO-CDMA system with conventional SISO-CDMA systems and
investigate the effectiveness of spatial multiplexing for practical cellular systems, with the conclusion that
spatial-multiplexed MIMO-CDMA systems will need to employ techniques to contend with other-cell
interference. Based on this result, we propose a cooperatively scheduled transmission scheme among bas
stations that achieves a net capacity gain without increasing the complexity of the mobile units.

The rest of this paper is organized as follows. In section Il, the system model of spatial multiplexing in
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cellular MIMO-CDMA systems with linear receivers is given. The outage probability and capacity of the
proposed system are analyzed in section Il for both zero forcing and MMSE receivers, the latter of which
will not be practical in most practical scenarios. In section IV, the effectiveness of spatial multiplexing
in cellular MIMO-CDMA with linear receivers is investigated and discussed, and some implementation
issues are raised. Some numerical results are presented in section V. Finally, we draw conclusions anc

provide suggestions for future research in section VI.

I[l. SYSTEM MODEL

For spatial multiplexing, incoming data is divided into multiple substreams and each substream is
transmitted on a different transmit antenna. The transmitter and receiver structure of MIMO-CDMA
systems for spatial multiplexing is given in Figure 1. The data of each user is spatially multiplexed into
substreams to be transmitted acrdgs transmit antennas and each substream is spread by a spreading
code. Though the spreading codes should be different among users, either the same code or different code
can be used in spreading substreams of a given user. Even though the use of different codes can caus
code scarcity, it can achieve superior performance to the use of the same code because the substrean
can be differentiated by both the spatial characteristics and their codes [24]. After spreading, substreams
are transmitted on their corresponding transmit antennas. The number of receive antévipasdsthe

received chip-level sampled signal for the desired user given in a matrix form by

Y, = [ Hy, o+z X”{ H; Si + Ny 1)
(doye)'

where y;, and d;; denote the lognormal shadow fading from the base statitmthe userk and the
distance from the base statiomo the userk, respectively, and depend on the location of the desired user

k. The superscript is the path loss exponent. The matik ;, denotes the channel matrix representing
short term fading from the base statioto the userk. Each entry of the matri¥; ; is ani.i.d. complex
Gaussian random variabte CA/(0, 1) representing short term fading. This channel model is acceptable
because the difference of propagation loss and long-term shadow fading among antenna elements of the
antenna array in a mobile station is negligible. The maixienotes the transmitted signal from the base

station: and themth row of the matrixS; representing substreams corresponding tortitle antenna
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given by
K
" =Y Vel Bobe )
k=1

where K is the total number of users in a cell am{;}}j) is the relative power portion assigned to th¢h
substream of user in the base station The relative power portiowgf}j) should satisfy the constraint of
Z;ﬁil Z%’;l vir = 1. P, and bgf,j) are the total power of the base statioand the transmitted (binary) bit

of the mth substream of the usérfrom the base stationwith value of+1, respectively. The vectargfz)
denotes thd x J vector representing the chip-level sampled spreading code fonthesubstream to the
userk. Although orthogonal codes are optimal as spreading codes in downlink, the orthogonality of the
orthogonal codes is damaged by the multipath channel and hence the spread signals are also scrambled
pseudo-random noise (PN) codes to improve the correlation properties. Therefore, we o@ﬁ%idanhe
combined orthogonal/PN code. The matiN, is the M, x J matrix representingi.d. complex Guassian
noise~ CN(0,02) and J is the spreading gain. Note that general MIMO systems without spreading are
a special case of our model when the spreading gain is unity andr:ﬁ,jbseduces to a binary random
variable. Even when time division multiple access (TDMA) or frequency division multiple access (FDMA)
is considered, the above model in (2) can be used by newly defhﬁjﬁgas an orthogonal basis in the
time or frequency domain.

At the receiver side, we consider a simple two-stage linear receiver consisting of a zero forcing (ZF)
linear filter for spatial separation and a conventional linear matched filter (MF) bank for detection of the
desired user’s substreams as figure 1 because of the minimal complexity requirements of mobile stations.
Mobile units are highly power limited and hence have limited processing power [25]. Therefore, simple
linear receivers are more attractive than complicated non-linear receivers including multiuser detection
schemes with joint detection if they have reasonable performance and careful studies on feasibility of the
linear receivers are necessary. The MMSE linear filter can replace the ZF filter for spatial separation but
it requires increased system knowledge. After matched filtering, the symbol detection for the substreams
of the desired user are made and the detected symbols are de-multiplexed and reconstructed into a dat
stream of the desired user.

In the analysis, the following conditions are considered: (1) Multiple cell structure with 19 cells is

considered. (2) Mobile stations are uniformly distributed throughout the cell. (3) Polar coordinates
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are employed and the location of the base station O corresponds to the origin of the coordinates. (4) MIMO

structure withM; antennas at the base station avid antennas at the mobile station is considered.

[11. ANALYSIS OF OUTAGE PROBABILITY AND CAPACITY

In this section, we firstly consider the ZF filter as the pre-filter for spatial separation and then discuss

the MMSE filter, which is a generalization of the ZF filter but requires increased system knowledge.

A. Analysis for ZF Filters

1) Signal-to-Interference RatioThe composite received signal is firstly processed by the linear ZF
filter in order to separate the substreams from the distinct transmit antennas. Then, the spatially separatec

signals are given by

zo,szg,kYo,ka/(d 1S+ MZ X”“ H.,S; + H N, 3)

where(-) denotes the pseudoinverse of a matrix.
After spatial separation by the linear ZF filter, each substream is processed by a matched filter for
detection of the desired user's substream. Tl row of the matrixZ,, represents the composite

substream corresponding to theh transmit antenna and is given by

m X()k sz
2" = ™ sy + £ Z H, ;S + £'N, (4)

whereféf,’j) is themth row of Hgk The spatially separated composite substream is similar to the general
form of the chip level sampled received signal in CDMA communications. Each separated composite
substream, i.e., each row of the matH ;, is matched filtered for the desired user and the MF output

of the mth row of the matrixZ  is obtained by

H
(m) (m) ( )
Zok T Lok C C0k>

/XOk / ob X()k Z /%n;) Pb o; \/_p

J=Llj#k
xz 3 H (m) (m)
+ Z i kS (CO & > + fng Nk <CO k > (5)

wherep denotes the cross correlation among the random scrambling codesstite orthogonality factor

reflecting the imperfection of the orthogonality among orthogonal codes due to multipath propagation. As
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the multipath fading becomes severe, the forward link orthogonality by the orthogonal spreading codes
become sacrificed and goes to 1 [26]. When the spreading gain is unity, the analysis reduces to a special
case of general MIMO systems and betlandp become unity. The MF output of (5) consists respectively

of the desired signal component, the intracell interference component, the intercell interference component,
and the thermal noise component.

When the fading environment is a superposition of both fast and slow fading, i.e. log-normal shadowing
and Rayleigh fading, a common performance metric is combined outage probability and average error
probability where the outage occurs when the slow fading falls below some target value, i.e. a target
signal-to-interference-plus-noise ratio (SINR) averaged over the fast fading [27]. Since the background
noise power is negligible compared to the interference power in an interference-limited environment, the
signal-to-interference ratio (SIR) of theth substream for the desired ugeaveraged over the fast fading
can be given by

Xo,k(do,k)flwé?;?f’o

" = K (m) N, (m) (m)H |? ©
Xok(dor) ™ D25k Po g P Po + 3005 Xik(dig) T'E Ufojz H; 1Sicqy ‘ }

(m)
B Lo,k
B K (m) o Ne  Xik(dok)! E{Cl(?)} v
Zj:Lj;ék ‘100,3‘ ap” + Zizl xo0,k(ds,x)t  Po

Whereg(f) = féf,’z)HMSicé’j;)H . In the denominator of (6), the third term denoting other-cell interfer-
ence power is obtained from the independence property among transmitted bits. The random variable
féf,’j)Hi,kSicgz)H can be approximated as and. complex Gaussian random variable by the central limit
theorem (CLT) because it comes from the sum of many random variables consisﬁﬁ@,oﬂi,k, S,,

and céf’,?H, assuming the spreading gaih(which determines the dimensions of the matfixand the
vectorcg ) is large enough. When the spreading gain is small or unity, the Gaussian approximation for
the random variablééjZ)Hi,kSicgz)H may still be reasonable KK is large, but typically a small spreading
factor J will require a small number of users. Although the inaccuracy of the Gaussian approximation

will reduce the accuracy of the analysis in these edge cases, the exact analysis is left as further researcl
and the Gaussian approximation is used throughout this work. When TDMA or FDMA is used (as will be
the case for small or unity), the random variablﬁgjz)Hi,kSicé?;)H may appear Gaussian due to imperfect

orthogonality amongst neighboring time and frequency slots from insufficient guard times or bandwidths.
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Utilizing the Gaussian approximatio@{i(?} arei.i.d. chi-squared distributed random variables with two

degrees of freedom and mean
B[] = B [(0H s el e sims " (®)

After some mathematical expansions, the mean can be reduced to

Bl -

7‘ 7‘ Mt Mt

ZZZZ‘fqu fOkn i,k,n,j zk:qlp2zvsolklpbzk/zv 'E]k’szk’

q=1 n=1 =1 j=1 k'=1 k'=1
M, M
S S LA [ E 1] o
n=1 j=1 k/'=1

whereh,; ;. ; is the (n, 7) element of matrixH, ; and fo(f,j,)n is the n-th element of the vectofo(f,;‘). The
last equality in (9) holds from the independence among the elements of miBtrband matrixHg . If
the allocated power to each substream of each user is equdl ghg; ., ;|*] = 20%(= 2), the mean can

be given by

B[] = 220 P [ g 2]
_ 20]\2PE [(Hé{kHOk);lm} (10)

where|| - ||, is the L* vector norm andA ;" is entry (m,m) of A~'. The derivation of the mean @fk
is given in Appendix A.

Now, the expression for the SIR of the substream of the desiredkugigen in (6) and (7) is obtained.
Based on this SIR, the downlink outage probability and capacity is derived as follows.

2) Outage Probability and Capacityif the allocated power to each substream of each user is equal in

the home base station, the SIR of th¢h substream for the desired usem (6) and (7) can be given by

(m)

T (m) 2 Ne  Xi,k(do k) E{CYZ)}
<1/Mt - goo’k ) ap” + Zi:l XOy,k(di:k)l Py

and the relative power portion allocated to theh substream of the desired ugerat the location of

(r,0) can be obtained by

E |G| & + srap®yil
(m) o '
‘Po,k (T, 9) = o (m)

L+ apreq

= agl™ +b (12)
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where

Nec Y d l

(m) _ i,k 0,k 13
‘ ; <Xo,k) (dzk) 7 (13)
_ C’k req / 0 b— 0‘;02%@1 /Mt

= (m) - (m)’
1+ OCPZ’}/req 1+ ap27req

(14)

and~7 is the required SIR for thexth substream of the usér which guarantees the target average bit

error probability.

Since{%} are lognormal random variables and the sum of lognormal random variables can be well

approximated as a lognormal random variable [28], the random var{émecan be approximated as a
random variable with meap, and variancefg as [28]
Nc

2
dos\' In 10 In10\ (02 + o2
pe=> (;:) exp | g~ (mi—mo)+< 10 ) ( 5 o) (15)

i=1

7=

{ exp (1]{;—(1)())2(0? + JS) - 1} (16)

wherem,; andm, are the means of; , and xx, respectively, andr; and o, are the s.t.d.'s of; , and
Xo,k» Fespectively.

The forward link outage occurs when the forward link power budget runs out. Therefore, the outage
probability can be evaluated as

[ M; K
Pot = Pr (>3 v i (r,0) > 1]

Lm=1 k=1

[ rR pom M
— (m) r
= Pr /0/0 mz_:l Vg (1,0) s drdf > 1] (17)

where R is the radius of a cell and, is the activity factor for usek’s data with Pr{y, = 1] = v.

Although the closed form solution cannot be directly obtained from (17) because the distribution of
the random variableagz) (r,0) depends on the location of each mobile station, we can obtain the closed
form outage probability with the method introduced in [29]. In order to obtain the closed form outage

probability, we firstly assume the worst case that all the mobile stations are at the cell boundary. Then,
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we apply the forward power factoy, which is a correction factor compensating for the worst case to
reflect the fact that the mobile stations are uniformly distributed in the cell. Then, the outage probability

can be obtained by

rK M, 1
P, = Pr ZZ ngoétr,z)(R, 0) > E]
Lk=1 m=1
r K M K M
=Pr|ad > g™ 33 by > —] (18)
L k=1m=1 k=1 m=1

wheref,;(m) denotes the random variable,gm) when the usek is at the cell edge.
For given{v;}, Zk ) Z L VkEs (m) can again be approximated as a log-normal random variable. Let

Y be 3K M 16, then the log-normal random variable has mean and variance as

K M, K M,
Ly = Z Z Vkpe  and U; = Z Z I/,fag/ (29)
k=1 m=1 k=1 m=1

Then, the conditional outage probability can be obtained by

Poutjfny = Pr|Y > = (- by Z yk> {yk}]

k=1 m=1
i K M;
— Pr 10logY>1010g< (——bZZyk>> {yk}]
L k=1 m=1
10log G (% - bZkK:1 2%21 Vk)) — [y
=Q = (20)

Y
wherep, and 0327 are the mean of dB value and the variance of dB valu® ofespectively, and given by

_ 10In(p,) 10 o’ 10 \*. [o?
_ _ (2% 41 d o2=(—) m(Z41 21
=10 2mio S\ " amd oy =) 2T (21)

Y Y

Finally, the (unconditional) outage probability can be obtained by

101log (% <% - sz{:l Erj\zftzl Vk)) = fly

Oy

Pout = E{llk} Q

K 101og é L_nbM,)) — 1 K
:ZQ ( <77 _ )) Y ( )l/n(l—l/)K_n (22)
0 Oy n
where (%) denotes the “K-choose-n".

Now, the outage capacity can be evaluated based on (22) for a given target outage probability and the
average throughput can be expresse@ 4%, K R where R is the data rate of the:-th substream

and K is the outage capacity in terms of number of simultaneous users.
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B. Analysis for MMSE Filter

In this subsection, a linear MMSE filter is considered as the pre-filter for spatial separation. If we apply

an MMSE filter designed in noise-limited environment given by

-1

X0,k 2 X0,k
Gor =,/ <R H I 222 H, :Ro . HY 23
O,k (dOk) Ok |: n Mr (dok) Ok Ok Ok- ( )

where R, ;. is the covariance matrix of the desired signals from the home base statiohyand an
M, x M, identity matrix, the performance approaches the ZF filter because the received power for the
desired signal is much higher than the thermal noise power.

In an interference plus noise environment, an MMSE filter considering the interference signals is the

optimum linear receiver in the sense of maximizing SIR [30] and given by

X0,k X0,k
(do,k)! (do,r)!

whereR, ; andR;; are the covariance matrix of the desired signals from the home base station and the

—1
Gor =/ 75 Ro oHE (RLk + ——;HoxRoxHy ) (24)

covariance matrix of interfering signals conditioned on channel fading, respectively, and given by

Ros, = E [SoS{]

S oS Py 0 0 0
B 0 Zsz1 @é?l)cPO 0 0 (25)
O 0 . .
0 0 o Z’le @é%f)Po
N Y
ik
Ryp=Y " H, E[S;S/]| Hf|
i=1 ivk)
Siaep 00 0
Ne oo 0 YK PP 0 0
I T HY, (26)
1 (dik) 0 o :
0 0 YL e R

The MMSE filter given in (24) contends with not only the spatial interference but also intercell

interference so that we can expect better performance. This MMSE filter is a kind of multiuser detector.
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However, it requires channel state information of the interfering signals and is unlikely to satisfy minimal
complexity requirements in mobile stations. Unless the filter is updated at the short-term fading rate, the
optimal MMSE filter is not feasible from a practical point-of-view. Nevertheless, we consider it here to
show the potential improvement of the ZF receiver due to decrease interference/noise enhancement.
For analytic tractability, we use the averaged value of shadow fading instead of instantaneous value in

the MMSE filter such as

E [x0,x] E [xo0,x] -
Gor =/ =Ry, kH (Rl,k + ——H, R . H ) (27)
(dok)! (dok)!
S0 0 0
N, K (2
“ Elv, 0 e i 0 0
Riyp=. [X’v’j] H,, 21 Pk HY, (28)
i=1 (di k) 0 0 . :
0 0 T P

This can be regarded as a suboptimal MMSE filter and its performance can be interpreted as a lower
bound of the performance of the optimal MMSE filter.
1) Signal-to-Interference RatioSimilarly to the analysis for ZF filters, the:ith substream for the

desired usek after MMSE filtering and MF filtering is given by

XOk Xlk m m
Ok = Z él)c (q)< 0,k “ H;;Si(c )H + g((),k)Nk(C(()k))

K
XU k m m XO k m m
8 Ok)h \/‘Pék 0k+ Z Ok)h()kp\/o“po]) Fo b(
dO k =1,j
X0,k Xi,k m m
d Z Zg P\/ 04900(13) Fo bgq] + Z d )lgé,k)Hi,kSi(C((),k))H
0, k ik

q=1,q#m j=1

+ g Ny (e (29)

wheregé’f;) is themth row of the matrixG andhf)‘f,l is thegth column of matrixH, ;. Since the thermal

noise is negligible compared to interference, SIR ofthid substream for the desired users obtained

by
oy _ SO PO e (30)
fYk B [scl + [sc2 + [oc

wherel,., I, and,. denote self-cell interference power framth substreams of other users, self-cell

interference power from different substreams of other users, and other-cell interference power, respectively.
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If the allocated power to each transmit antenna is equal, the interference howér.,, and/,. are given

by
1 .
b o <M -l X) ap’Py E ||gy b -
t
M, )
ap”P, .
ha= 3 P ] -
q= 1q¢m t
Xi,k dOk) pP [ (m) ,
IOC - ’g . th,’ .’.‘ :| (33)
; Xok (dig)" My jzl 0,k.j 4

where gy 1, ; is the jth element of the vectog,, andh; ., iS the (n,m) element of the matrid, .
Compared to the case of a ZF filter, the mean values in (31)-(33) cannot be obtained in a closed form
and should be evaluated by computer simulations.

2) Outage Probability and CapacityBased on the SIR, the relative power portion assigned toritine

substream of usekt at (r, ) is obtained as

OéIEUg(m)h(q | } N. Xi, k( ) [\gg o M kj.j\z]
o+ T o e e H Y T
00 (r) = P Smsain ] 2 soufan) = el
0.k M, ap? e 41
_ 6ngl(;n) + (34)
where
M, m m
) S|l hirssl?] /B (18 md ]
t ap*Yreqg + 1
oF||g (m)h(‘f)|2
9 (m) © + Zq 1,q#m %
Y — P freq E{l ¥ Box | ] (36)
M, ap 77('eq) +1
Then, by the same procedure for ZF filters, the outage probability can be obtained by
K 101log (l, <l — nb’Mt>) — [y K
a \"n n —n
Pout:ZQ > <n)y (1_V)K (37)
n=0 Y

V. EFFECTIVENESS OF SPATIAL MULTIPLEXING INCELLULAR MIMO-CDMA SYSTEMS
A. Capacity Gain of MIMO-CDMA Systems with Linear Receivers

In this section, we discuss the effectiveness of spatial multiplexing in cellular MIMO-CDMA systems

with linear receivers. From the results of the previous section, we can find that the outage capacity is
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closely related to the power assigned to each user. Therefore, a comparison between the power allocated t
a particular user of the MIMO-CDMA system with spatial multiplexing and the conventional single-input
single-output (SISO)-CDMA systems can roughly predict the outage capacity gain. For the conventional
SISO-CDMA systems, the relative power portion allocated to a particulariuse(r, 0) is given by

2P ¢ ~ AD A
%ngf)/req + AP Vreq

1+ aﬁz’%’eq

wor' (r0) = (38)

where?,., is the required averaged SIR for conventional SISO-CDMA systgnssthe cross correlation
value, ands, is equal toc™ given in (13).

For a fair comparison, the data rates of conventional SISO-CDMA systems and the MIMO-CDMA
systems using spatial multiplexing are all assumed tdzb&hat is, the data rate of each substream of
MIMO-CDMA becomesR/M,; and thus, the corresponding processing gainsJjdng, for conventional
SISO-CDMA andJ for each substream of MIMO-CDMA, respectively. The values of required SIR for
a given average bit error rate are the same for the two systems because we assume the same data ra
SO that%gZZ]) = Yreq = Treq- WE also assume perfect orthogonality among orthogonal spreading codes in a
cell (« =0) and P, = F,. The cross correlation value is approximatgl%a [31], [32], that is,p? ~ 23—A§
andp® ~ .

Now, we define a power gain as a rough metric for capacity gain, which is the ratio of the allocated
power of a particular user of the MIMO-CDMA system and the conventional SISO-CDMA system, as

conv

Y0,k
M, m
thzl 90((J,k)

1) Capacity Gain for ZF filters:For ZF filters, the power gain defined in (39) can be obtained with

Gp = (39)

(12) and (38) by
2P,

3JE [ o

Gpzr =

Based on the definition of the power gain, we can find that the MIMO-CDMA systems using spatial
multiplexing always have an advantage in terms of outage capacity over the conventional SISO-CDMA
systems only when the power gain is greater than 1.

For the case that/, = M, = M, the power gainGp zr becomes

M

S 1/D) “

Gpzr =
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Therefore, we can conclude that spatial multiplexing in celldlax A/ MIMO-CDMA systems with ZF
filters is always better than conventional SISO-CDMA systems in terms of outage capacity only if the
number of antennas is larger thar2 £i(—1/L). This fact tells us that spatial multiplexing in cellular
MIMO-CDMA systems with ZF filters does not always have full advantage of capacity gain although it has
been known to take full advantage of capacity in simple MIMO communications with linear receivers. This
result fully agrees with the information theoretic prediction on the capacity of MIMO systems with linear
receiver in the presence of co-channel interference given in [17], [18]. As explained in the introduction, the
authors of [17], [18] showed that whereas the capacity of a single, isolated link could not be improved by
reducing the number of substreams, it would be better to have all users use fewer than maximum number
of possible substreams in order to increase the capacity of each user in interference limited MIMO systems
with linear receivers.

2) Capacity Gain for MMSE FiltersFor MMSE filters, the power gain defined in (39) can be obtained

with (34) and (38) as
ME [lg gy 1

S E |l hiksl?]
Similarly to the case for ZF filters, we can conclude that the spatial multiplexing in celllijar M,

(42)

GpymMsE =

MIMO-CDMA systems with MMSE filters is always better than the conventional SISO-CDMA systems

in terms of outage capacity if the number of transmit antenviass larger thanzj,‘f1 E || gé?;?j hi,k,j,jyz]

/E [|gé’f;)hgfg)\2}. Compared to the ZF filters, the optimum MMSE filter achieves a capacity gain even
with M, = M, = 2 because the optimum MMSE filter contends with not only spatial interference but also
intercell interference. This result also agrees with the results of [12] that MUD schemes contending with
other-cell interference in principle increase capacity in the presence of co-channel interference. However,
the optimum MMSE filter requires channel states information of the interfering signals so is not very

practical in a cellular context.

B. Spatial Multiplexing: Discussion and Cooperatively Scheduled Transmission

Alert readers have likely noticed in the previous sections that spatial multiplexing may not the best
choice for cellular MIMO-CDMA in terms of outage capacity unless a technique contending with other-

cell interference is introduced. The most straightforward technique is to deploy a sufficient numbers of



SUBMISSION TOIEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS 17

antennas at both the transmitter and receiver. If the number of antennas is sufficiently large, sufficient
degrees of freedom are attained that can be used to compensate for the interference enhancement caus
by the linear receivers. Another possible scheme is to use linear filters that contend not only with spatial
interference but also with the other-cell interference, such as MMSE filters as introduced in this paper,
or the joint detection scheme of [12]. However, in commercial systems, the number of antennas and the
complexity of mobile stations are critical restrictions and so these methods are not likely to be practical
in the foreseeable future.

From the perspective of maximum user data rate, spatial multiplexing is very attractive because it can
dramatically increase throughput for realistic bandwidths, modulation orders, and other system parameters.
In addition, the complexity advantage of linear receivers is too attractive to be easily given up, especially
in the downlink where the mobile receiver will have severe power and complexity constraints.

In order to advance the performance of MIMO-CDMA with spatial multiplexing and linear receivers, we
propose a cooperatively scheduled transmission scheme among base stations. In cooperatively schedule
transmission, six adjacent base stations and an (arbitrarily chosen) home base station in a hexagonal ce
structure periodically transmit their signals one at a time for all users according to a pre-determined
sequence, and thus the duty cycle of each base station becomes 1/7. This scheme can be regarded as
kind of time division multiple access among base stations and has a similar effect to frequency reuse in
GSM or other non-CDMA cellular systems. The principal difference is that in the proposed cooperatively
scheduled transmission scheme, each cell uses the whole frequency bandwidth whereas each cell of
traditional frequency reuse system is allocated only a partial (e.g. 1/7 of the total) frequency bandwidth.

Because the penalty for linear receivers in spatial multiplexing mainly comes from other-cell inter-
ference enhancement, the cooperatively scheduled transmission should improve the performance since
it dramatically reduces the perceived other-cell interference. Naturally, this comes at the expense of
potentially decreasing the overall transmission rate by the time reuse factor, or duty cycle. Specifically, the
instantaneous throughput of each cell is multiplied by 1/7 for fair comparison with the universal frequency
scheme that must tolerate higher levels of other-cell interference. Our numerical results in the next section
will demonstrate that a substantial net capacity increase is achieved with this scheme. Importantly, this

improvement is attained without increasing the complexity of mobile units.
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Although in this paper we only consider a simple manifestation of cooperatively scheduled transmission,
a more sophisticated transmission scheduling algorithm might more effectively address the impairment
by other-cell interference while minimizing the average throughput reduction by the duty cycle. For
example, each base stations could adopt a cooperatively scheduled transmission only for the users outsid
a certain range of each base station. This scheme requires the location information of each user and mort
complicated scheduling but could more effectively reduce the other-cell interference since users near the
cell boundary are the principal sources of other-cell interference. The analysis and investigation of such

schemes is left for future research.

V. NUMERICAL RESULTS

In the previous section, we investigated the effectiveness of the spatial multiplexing by considering a
newly defined power gain, which quantified the ratio between the required transmit power for MIMO-
CDMA and for SISO-CDMA for a fixed SIR. The concept of power gain is useful in understanding the
effectiveness of the spatial multiplexing but cannot give us exact outage capacity comparisons. The exact
outage capacity can be obtained from the outage probability formula (25). In this section, we provide
sample outage capacities for spatial multiplexing in cellular MIMO-CDMA systems with various numbers
of antennas and compare with conventional SISO-CDMA systems. In these numerical results, we assume
the constraint imposed on the inverted chi-squared random variable in/(1@),be 1000. Generally, the
value for L depends on available transmit power and varies according to systems and this value can be
regarded as an example. We also assume that the path loss expamehtthe number of interfering
base stations)V, is 18, and the spreading bandwidth to be 3.84MHz, which is the bandwidth of UMTS
WCDMA systems. The standard deviations of the lognormal fading from adjacent base stations and a
home base station are assumed as 8dB and 2dB, respectively, the forward powen fadbot77, and
the data activityv is set to 1 to indicate full-rate transmission.

Figures 2 and 3 show the outage probability according to the number of simultaneous users when
the orthogonality factory is 0 and 0.5, respectively. We assume that the data rate of the conventional
SISO-CDMA system is 60Kbps and thus, the processing gain is 64. For a fair comparison, the data

rate of MIMO-CDMA systems with spatial multiplexing and linear receivers should also be 60Kbps.
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That is, the data rate of each substream of MIMO-CDMA becofté&bps/M; and thus, the data rate

of each substream of ax2, 4x4, 8x8, and 1% 12 MIMO-CDMA system becomes 30Kbps, 15Kbps,

and 7.5Kbps, and 5Kbps, respectively. The processing gains corresponding to the data rates become
128, 256, 512, and 768. We also assume the required (uncoded) SIR for a given averaged bit error
rate to be 1.5dB. From Figure 3, if the target outage probability is 0.1, the average throughput of the
conventional SISO-CDMA system,x2, 4x4, 8x8, and 1% 12 MIMO-CDMA systems with ZF filters
becomes approximately 1560Kbps, 264Kbps, 540Kbps, 1368Kbps, and 2340Kbps, respectively2The 2
and 4<4 MIMO-CDMA systems with ZF filters do not outperform the conventional SISO-CDMA systems
because of the lack of degrees of freedom to combat the enhanced interference by the ZF filter whereas evel
2x2 MIMO-CDMA system with optimum MMSE filters. The 88 MIMO-CDMA system has smaller
outage probability than conventional SISO-CDMA systems only when the number of simultaneous user
is large and the 1212 MIMO-CDMA system always outperform the conventional SISO-CDMA system
since there are so many degrees of freedom.

Figure 4 shows the power gains of the ZF filter and the optimum MMSE filter according to the number
of antennas. As the definition in section IV.A, the orthogonality factor is O and other conditions are the
same as those of Figure 3. Note that since the other-cell interference dominates the performance, there i
only a negligible performance difference between- 0 anda = 0.5. Although the power gain does not
provide an exact capacity gain because it just quantifies the ratio between the required transmit power to
a particular user afr, ) only, it is useful in roughly predicting the outage capacity gain according to the
number of antennas. If the power gain is greater than unity, spatial multiplexing with multiple antennas
is always better than single transmission in terms of outage capacity. From Figure 4, we can confirm that
the power gain of a ZF filter becomes greater than unity only if the number of antennas is greater than
twelve whereas that of the optimum MMSE filter is always greater than unity regardless of the number
of antennas because the optimum MMSE filter contends with both spatial and other-cell interference.

Figure 5 shows the outage probability according to the number of simultaneous users per a cell
when the cooperatively scheduled transmission among adjacent base stations is used. All conditions are
the same as those of Figure 3 except that adjacent six base stations and a home base station in th

hexagonal cell structure cooperatively transmit their signals. This figures shows a raw outage capacity
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with the cooperatively scheduled transmission before applying the reduction in capacity by the periodic
transmission. The cooperatively scheduled transmission can achieve high capacity gain over conventional
CDMA system without cooperatively scheduled transmission because it can significantly reduce other-cell
interference and mitigate the impairment by interference/noise enhancement.

A throughput comparison taking into account the throughput reduction by the periodic transmission is
given in Figure 6. This figure shows throughput of various systems according to various target outage
probabilities. For fair comparison, throughput with the cooperatively scheduled transmission is multiplied
by 1/7 to reflect average throughput reduction by duty cycle. For a target outage probability is 0.1, the
average throughput of thex2 and 4x4 MIMO-CDMA systems becomes 703Kbps (=4920Kbps/ 7) and
1646Kbps (=11520Kbps/ 7), respectively, whereas the throughput of the conventional SISO-CDMA system
is 1560Kbps. This means that while achieving a superior data rate,4aMIMO-CDMA system with

cooperatively scheduled transmission could also markedly reduce the outage probability.

VI. CONCLUSIONS

In this paper, the outage probability and capacity of cellular MIMO-CDMA systems with spatial
multiplexing and linear receivers has been derived. Using this new analytical framework, we have in-
vestigated the effectiveness of spatial multiplexing in cellular MIMO-CDMA systems, and compared with
conventional SISO-CDMA. Although spatial multiplexing is known to have a large capacity advantage
for single user or single cell systems, we have shown that, unfortunately, this capacity gain is lost when
MIMO is adopted into an interference-limited setting with low-complexity receivers. The basic explanation
for this loss is that linear MIMO receivers are forced to enhance some of the interference, which hurts
the capacity more than multiple substreams help it. With this in mind, we have shown that cooperatively
scheduled transmission among base stations can mitigate the impairment by interference enhancement an
a net capacity improvement can be achieved without increasing the complexity of mobile units. Based on
these results, an important conclusion is that cellular MIMO systems with linear receivers must properly
consider the tradeoff between maximizing user data rates and maximizing outage capacity. Future researct
should further consider practical techniques for increasing the attainable throughput of interference-limited

MIMO systems.
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APPENDIXA

DERIVATION OF THE MEAN OFQ.(ZL)

In (10), the distribution ofl / (HékaOk):m is known to be a chi-squared random variable Veithz, —
M, + 1) degrees of freedom [33]-[35]. Therefore, the mean can be obtained with the first moment of the
inverted chi-squared random variable witbW/, — N, + 1) degrees of freedom. Unfortunately, inverted
chi-squared random variables do not have finite first or second moments for all degrees of freedom. But if
there is an upper limit on the inverted chi-squared random variable, the first and the second moments can
be found [36]. The random variablési(,?} contribute to interference level, but if the total interference is
above a certain threshold, additional interference caused b{,{fﬁ‘é} will not effect the practical system
performance. This observation can be justified from the fact that all transmitters have a constraint on the
available transmit power and thus strong interference over a threshold cannot be arbitrarily compensated

for with power control. Therefore, without loss of generality, we can impose the following constraint on

the inverted chi-squared random variable wi(d/, — M, + 1) degrees of freedom.

1

m,m

1

1 (Hng()’k) m < L

m,m

if (HE Hoy,)~
(Hg Ho ) 1 (HoiHos),, (A.1)

0 else

The technique of imposing a constraint on the inverted chi-squared random variable to find moments was
introduced in [37] and it is known that the particular choice of valué @ not important if the constraint

is sufficiently large. Then, the mean can be obtained as in [36]

—FEi (;1) for M, = M,
71 r
E [(Hé{kHok)mm] = o L (A2)
= MM for M, — M, > 1
where Ei(z) is the exponential integral functiorE{(x) = — [ e~'/t dt) and can be easily calculated

with popular numerical tools such as MATLAB, MATHEMATICA, and MAPLE. Then, the meaqi(g“ﬁ

can be obtained with (10) and (A.2) as

_20'2P2Pi . ;1 _
E[¢] = BT for My = M; (A3)
i, 20202 Pie~ /L \~Mp—M;—1 1
O L) 2nso e for My — My >1
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