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Abstract

In this paper, reverse link capacity of a signal-to-interference ratio (SIR) based power-controlled
direct-sequence code-division multiple-access (DS-CDMA) system, with the use of an antenna
array and a Rake receiver in a multiple cell environment, is investigated. Both transmit and
receive beamforming in the reverse link are considered. Instead of using tedious iterative meth-
ods, reverse link user capacity represented by a simple closed-form expression is derived, which
relates to the number of antennas, the number of Rake receiver fingers, a target SIR, and the
processing gain. The most efficient distribution of antenna elements between the base stations
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Reverse Link Capacity of Power-Controlled CDMA
Systems with Antenna Arrays In a Multipath
Fading Environment

Jin Yu, Yu-Dong Yao, Jinyun Zhang, and Andreas F. Molisch

Abstract—In this paper, reverse link capacity of a signal-to- of SIR-based power-controlled CDMA systems in [5]. User
interference ratio (SIR) based power-controlled direct-sequence capacity of multicode CDMA systems supporting voice and
code-division multiple-access (DS-CDMA) system, with the use of y415 traffic or heterogeneous constant-bit-rate traffic was an-

an antenna array and a Rake receiver in a multiple cell environ- lvzed in [6]. The effects of a Rak . d ant
ment, is investigated. Both transmit and receive beamforming in alyzed in [6]. € eflects of a kake receiver and antenna

the reverse link are considered. Instead of using tedious iterative diversity on reverse link user capacity are further investigated
methods, reverse link user capacity represented by a simple in [7]. Capacity improvement with base-station antenna arrays

closed-form expression is derived, which relates to the number of jn strength-based power-controlled cellular CDMA systems
antennas, the number of Rake receiver fingers, a target SIR, and has been analyzed [8]. The focus of this paper is to present

the processing gain. The most efficient distribution of antenna g : .
elements between the base stations and the mobile stations tothe user capacity gain of a SIR-based DS-CDMA system in a

maximize the user capacity is observed through the numerical Multicell and multipath fading environment obtained through
results, which also show significant capacity improvement by the use of Rake receiver, transmit and receive beamforming
increasing the number of the antennas and Rake receiver fingers. and derive a simple closed-form expression, which is related to
the number of the antennas and Rake receiver fingers, a target
Index Terms—CDMA, User capacity, Beamforming, Rake signal-to-noise-plus-interference ratio (SINR), and the CDMA
receiver processing gain, to estimate the reverse link user capacity. In
this paper, user capacity is referred to as the number of users
|. INTRODUCTION that a CDMA system could support at a desired SNIR without

ITH the advance of wireless communication technoPOWer constraints [4]. This paper is organized as follows.
ogy, there is an explosive increase in the numb ystem models, including beamforming, Rake receiver, and

of mobile users. Although second-generation (2G) wirelegéher'.ce" interference, are givep in Section ”'.A closed-form
systems, such as the Global System for Mobile Commuriduation to evgluate reverse I|n!< user 'capacrty .Of a .CDMA
cations (GSM) and 1S-95, are successful in many countrig'g”u_Iar system in a multipath fadlng env_lronme_nt IS den_ved n
[1], they still cannot meet the requirement of high-speed da§§ct||on_lll. Num%rlcal re.S“'tS are g\|/ven in Section IV. Finally,

and user capacity in high-user-density areas. Code-divisighclusions are drawn in section V.

multiple access (CDMA) has been chosen as the radio inter-

face technology for 3G systems [2]. Unlike frequency-division IIl. SYSTEM MODEL

multiple access (FDMA) and time-division multiple accesg eamforming

(TDMA), which are primarily bandwidth or dimension limited 5 forming has b idel din wirel h
in capacity, CDMA capacity is interference limited [3]. Thus eamforming has been widely used in wireless systems that

any reduction of the interference will directly lead to capacit mp!oy a fixed set_of antenna e'e'.“ems In an array. Conqdermg
increases. The emerging technologies, such as beamfor aeeive beamforming in reverse link transmissions, the signals
and multiuser detections, could lead to a significant reductigﬁ) thest? anttehnr][a eIerEentst, are (cj:otmblngd t_o ?r(rjr? a ?ova;ﬁlet
in the interference and result in many-fold capacity increas garkn pa g_rln at can I\/EI}SS eereh 0a eS|[reh_ |rﬁc lon h a
[4]. Therefore, capacity estimation is an very important eldfacks mobile stations (MS) as they move. This allows the

ment in the design of CDMA systems and in the evaluatidif'tenna system to focus radio frequency (RF) resources on a
of the new technologies particular mobile station and minimize the impact of interfer-

Gilhousen et al. [3] estimated CDMA reverse link usef"ce [9], [10]. This is achieved using a beamformer by placing

capacity of a strength-based power-controlled CDMA syster’ﬁ?"s at the directions of interference, while the antenna array

where total other-cell interferencé. is modelled as Gaussiandan in the direction of the desired transmitter is maintained
noise. I increases with the numb”er of active users per cefionstant. Although few antenna elements could be installed at

N. Kim and Sung estimated the reverse link user capac mobile station, large antenna arrays can be implemented
al a base station (BS). When beamforming is used at the
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without affecting the performance of other links [10]. In this
paper, the linear equally spaced (LES) array is used for both
transmit and receive beamforming in a two-dimensional multi-
cell environment (in the horizontal plane) [9]. The distaace
between the elements of the LES array is assumed tbie
where\ is the carrier wavelength. In the LES array system, a
combining network could generate an antenna pattern [9],

sin(0.5M 7 (sin ¢ — sin)) o
G@ﬁ)_bwgmom@m¢—$nmﬂ @
where M is the number of antenna elements andis a
variable. The beam could be steered to a desired direction
0 by varying ¢. In the remaining of this paper, we will use
the antenna pattern specified in (1) to evaluate the impact of
beamforming on the CDMA reverse link capacity.

B. Rake Receiver

Multipath propagation in the radio channel leads to deep
fading of the received signal. If the paths are independent and
resolvable in time domain, i.e., the delay between different
paths is greater than the chip duratiby a Rake receiver can
be used to combine the paths to achieve diversity gains [11].
The multipath fading can be characterized by a power delay
profile (PDP), which is uniformly or exponentially distributeohg. 1
[7]. For a uniform PDP, we have

Ela] =1/L,1=0,1,--- L —1

Cellular structure and reverse link geometry.

where
and for an exponential PDP, we have

E[a;] = (1 — exp(—¢)) exp(—el),l >0

1

. if(rm 110 —&m)/10 < 1
B(&0 — Emy T /T0) = { . (rm/T0) <

otherwise

whereq; is the square path gain of tith path,L is the total and p = 2N/(3v/3) is the user density per unit area and

number of paths in a uniform profile, ards a decay factor there areN mobile stations in each cell. This assumes that

for an exponential profile. Assuming that the Rake receiver ihie users are uniformly distributed in a cell and the radius of

the base station hds fingers, the received power at the outputhe hexagonal cell is normalized to unity(&o — &m, 7m/T0) iS

is the combination of th& paths,X = ap+a1+---+ar_1. an indicator function to show the cell areas that are excluded
in the calculation off since the mobile stations in these areas

C. Other Cell Interference are not power controlled by.S,, but by BSy. In computing

A cellular structure is shown in Fig. 1 with a reference cefr'e above integral, we simply consider the hexagonal areas

(base statioBS;) and an interference cell (with base statiof?f gach cell rather than the actual coverage area of the base
BS,,). In a CDMA cellular system, an MS is power controlledtations [S7].

by a BS in its home cell to ensure that the received SNIR at

the BS is no less than a target value, assuming that SIR-based !/l. DERIVATION OF REVERSE LINK USER

power control is in use. Considering a mobile statidfs,, ;, CAPACITY

in the interference cell, let the received power at its baseWhen beamforming is applied at both transmit and receive
stationBS,, beS. The received interference at the base statigides, the total other-cell interference 2§, is expressed as

of the reference cellBSy, is [3] S(7,/ro)*10E0=Em)/10,

and o, andr,, are the distances from/S,, ; to BS, and I ://S(rm/ro)”10(50*5"1)/10(;5(50 — &y T/ TO)P
BS,, as shown in Fig. 1. is a path loss exponent, @
and &, describe the shadowing processes in the cells of G1(6,0mm)Gr (6, Po)dA

BSy and BS,,,, and the shadowing processes are assumedwere

be mutually independent and follow a lognormal distribution 0 = arctan(
with standard deviatioa dB and zero mean. Considering all 11 €08 Oy + T, COS Oy

interfering mobile stations, the total other-cell interference ghqg G+(0,0,,) and G,.(A, ¢) are transmit and receive beam-
BS, is obtained by integrating the whole cellular coveragyrming gain patternsé,, and ¢ are the azimuth angle of
area except the reference cell [6], MS,, ; to its home base station3S,,, and that toBSj,

_ respectively.r, is the distance betwee®s,, to BSy. 6y
_ (§0—&m)/10 _ . . . .
I= //S(Tm/To)”lo 0 ®(o = &m,Tm/T0)PdA i the azimuth angle of3S,, to BSy. ¢ is the azimuth

)

ri8infy + r,, sind,,
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angle of mobile statiom/S, to BSy as shown in Fig. 1 where
and is uniformly distributed from 0 t@x. When M, antenna

elements are used with the beam pattern shown in (1), the D = { [L/X)(L — R)/ R,
transmit antenna gain in the direction frabS,, ; to BSy is
sin(0.5M;7(sin(@ — 1) — sin(0,, — 7)) 15 anQG is'the CDMA processing ggimo is .the single-siqed
M, sin(0.5(sin(0 — ) — sin(6y, — .)))\ white noise power spectrum density ald is the spreading
Sié(sén5M 77:(;1;10 S;@ S)l)n m ~ Pt bandwidth. The factor 2/3 in the denominator is due to the

. t - m |2

for uniform PDP
E[1/X]exp(—€eR), for exponential PDP

Gi(0,0m) = |

= ' - § assumption of a square chip pulse. The denominator in (10)
My sin(0.57(sin @ — sin 6,,)) @) includes other-cell interference as well as own-cell interference
due to other mobile stations in the reference cell. Note that

Similarly, when receive beamforming is applied witl, . . : :
. . the transmit antenna gains of mobile stations at the reference
antenna elements a5, for receiving signals from\/ .S o, . o . .
: cell in (10) are all set to unity since their transmit beams are

the receive antenna gain in the direction frdit,, ; to Sy steered toward base statidhS,. ¢,, is the azimuth angle

'S sin(0.5M,m(sin @ — sin ¢p)) |5 of an interfering mobile statiod/.Sy ,, to BSy. Gr(¢m, ¢o)
G (0, do) = |M'r sin(0.57(sin 6 — sin ¢O))| (4) s the receive beamforming gain .(MT%’O to.direction of
MSo,m. ¢m and ¢y are uniformly distributed irf0, 27). Let

The mean value of the total other-cell interferentan a . . e . . .
. . . . ) = ¢in — sin ¢, the probability density function is
multipath fading environment is derived as ¢ O %0 P y y ap

found to be
E[1] = E[S]F (1, o) NE[1/X] ®) L _ir, —2<6<0
here V-t )(1 (9-7)%)
w fl9) = fq”\/(l s 0<e<2
Tm T
F(u,0) = \[exp{(aln (10)/10) }// )G (b, Pim) 0, otherwise
10 ’ In(10 (1)
Qo tog( 22 — VaoA ) )66 We further have
O’
© G = EG b)) = [ SEOIMI) )
and ' rm _o M2sin*(0.57m¢)
— 2
Q) = \/ﬂ/i exp(—t7/2)dt Let S be the minimum power level satisfying (10). The
Similarly, the variance of is given by received powelS could be expressed in terms bfas
Var(1] = {U (s, 0)E[S*] ~ V(1,0 JE[SINEX[1/X] () 5= 1l (12
where where
Ul,o) = 3\27 exp{(01n(10)/5)%} [ [ (263 0,0,) € =1.5G/7% = GN(1+ D)
To
10u o In(10) Now the user capacityv can be found via an iterative method
Q(\/Tlo 10( V2072 5 )EIG(0, ¢o)]dA [6], [7], in which, there are two concatenated iteration loops.
(8) In the inner loop, for a givenV value, determine E] and
2 T i i
V(o) = —2— expl2(oIn(10)/10)? // my2uc2 (g ) Varll] using the following stepsl. Set B} and Vafl] as
(1.0) 3V3 xp{2(7In(10)/10)73 (7’0 J¥G(: fm) zeros.2. Calculate E] and VafI] from (12).3. Calculate K|
5, 10 ro 5 n(10) and VafI] from (5) and (7).4. Repeat steps 2 and 3 until the
@ (, /902 logw(a - V20? 10 o VE[GH(0, 60)]dA differences between old and new values ¢f|End VafI] are

(9) less than 1% [7]. Using the[E and Vai!] obtained above and
The value F(u,0), U(p,0), and V(u,0) can be obtained a specified maximum transmission power limit, calculate an
numerically. For example, when only the first and secon@utage probability (the transmission power exceeds the power
tier cells are considered, we find, for = 4,0 = 8 dB, constraint) [7]. If the outage probability does not exceed a
M, =3 and M; = 1, F(4,8) = 0.2676, U(4,8) = 0.1072  required level, the outer loop increas¥sby 1 and enters the
andV(4,8) = 0.0197. inter loop. Otherwise the iteration loops stop and we obtain the
In the CDMA systems, the received SNIR, /Iy, should be user capacity a8’ — 1. The iterative method to determine user
no less than a target valug,, in order to maintain a required capacity as described above is computationally complicated
transmission quality. Following [6] and [7] and consideringiue to multiple loops of numerical integrations. In this paper,
the beamforming, we have we derive a formula to directly estimate user capacity, which
E, GSGy(bo, do) is related to all the relevant factors, such~as beamforming

T ~ Z(NSEIC: (b 6m)Cr (G 60)/(L+ D) + 1) + W gains and CDMA processing gains. Solving equations (5), (7)
as and (12), we get

> Yo
2(EGr (G 90)]SN (1 + D) + 1) oW  LBNF(s, o)L/ X]
’ ’ " (10) B = o= NP e X" (13)
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(M, M) | (1,1) (1,3) (1,5) (1,7) (1,9) 25 : : ‘ 0.36
F(u,o0) 0.6611 | 0.2676 | 0.1724 | 0.1287 | 0.1035 -0~ Mg=2 lterative
U(u,o) 0.2252 | 0.1072 | 0.0691 | 0.0516 | 0.0414 -+ mii Esr.a(til\z /9 034l
Vi, 0) | 0.0451 | 0.0107 | 0.0127 | 0.0004 | 0.0075 e K '
Gr 1 0.3855 | 0.2487 | 0.1863 | 0.1501 F

032}
TABLE |

COMPUTATIONAL PARAMETERS WITHM; =1 03f

N/G

(MtvMT‘) (271) (27 3) (215) (277) (279)
F(u,o0) 0.3410 | 0.1458 | 0.0960 | 0.0726 | 0.0589
U(u, o) 0.1329 | 0.0570 | 0.0379 | 0.0288 | 0.0234
Vi, o) 0.0225 | 0.0100 | 0.0067 | 0.0051 | 0.0041

0.26

024
TABLE I
COMPUTATIONAL PARAMETERS WITHM; = 2

0221

0 . . . 0.2 . . .
1 3 5 7 9 1 3 5 7 9
Receive antenna elements M. : (a) Receive antenna elements M. : (b)

(U(p,0) = V(p,0))E*[1/X]
C2/N — U(u,0)E*[1/X]

_ 2
Varm o (E[I} + 1'5770W) Fig. 2. User capacity, (a) Effect of beamforming, (b) Per receive antenna

(14) element.
It is obvious that /] and VafI] are greater than 0 because the
noise or interference power is always positive. Thus a valid
N has to ensure (13) and (14) greater than 0. Due to t{}f\e situationR
conditions EI] > 0 and Vaf!]
user capacityN as

< 0. we are able to determine = L (L is large enough) in a uniform PDP
= fading environment, and illustrates the effect of the number
of receive antenna elements. Fig. 2 (a) clearly shows that
N=| 1.5G /7o | (15) the user capacity increases significantly when the number
" 'G(14+ D) +E[1/X]|F(u,0) of antenna elements increases. However, as shown in Fig. 2

- . . h [ ith the i f
where | z] indicates the maximum integer no greater than (b), the user capacity per antenna drops with the increase o

) : ; ) antenna elements. In Fig. 2 (a), we also compare the capacit
In using the iterative method to determine the user capac@o 9.2 (a) P pacity

we found that when the number of users is above the u aluations using a simple closed-form expression, (15), and
) ' . . U3fibse based on the complex iterative method, where the outage
capacity, power control will not work, since every mobil

. . . ) L r ili i in ion Il i m .
station tries to satisfy the target SNIR,, by increasing its ep obability as discussed in Sectio s assumed to be 0.05

fransmit power until reaching its maximum transmit pow 7]. Almost ?dentical capacity results are ob?ained using' the
. . . wo evaluation methods. Based on numerical calculations,
allowed. This leads to an increase of interference to oth]er L .
users. The results from the closed-form expression, (15) w%r Some €ases, the)_/ give identical results. !n some c_)ther
be co.mpared in Section IV with those results obtained 1:roé enarios, they only differ by one user in capacity evalua.tlons.
the iterative method For example, wheMT = 5 and M, = 1 from (11), we obtain
' N = 144. When the iterative method is used, we get= 145,
which corresponds to an outage probability of 0.015. However,
IV. NUMERIC RESULTS a close examination reveals that the system with 145 users
Through this section we assume propagation parametéssnot sustainable (not practical) since the mean other-cell
u =4 ando = 8 dB. The basic data rat®, is assumed to interference reaches[E =~ 1244n,WW. Note that, when N
be 32 Kbps and the spreading chip rate is 4.096 Mbps. Th&44, we have H] ~ 114n,W. Recall that, in Section llI,
traffic type is of the basic rate and its required SNIR target a simple closed-form expression is derived to evaluate user
is 5 dB. Table 1 considers a single transmit antenna elemesdpacity. Fig. 2 (a) illustrates the effectiveness and accuracy
and at the receive side, the number of antenna elements vagkthis approach in evaluating user capacity. Fig. 3 presents
from 1, 3, 5, 7, to 9. AsF(u, o) is proportional to other- the capacity results wheh/; + M,. = 4, 6, 8, and 10. When
cell interference, we see that the valuefofu, o) decreases M; + M, = 4, it is seen that maximum capacity is achieved
with an increase number of receive antenna elem@its,The when M; = 1(M, = 3). For cases with\; + M, = 6, 8,
received own-cell interference is proportional to the expectagshd 10, maximum capacity is achieved wh&fi = 2. The
received antenna gairty,., which decreases with increasinghumerical results indicate that, to obtain higher reverse-link
M, as shown in the table. The valuesléfy, o) andV (i, o), user capacity, it is desirable to put more antenna elements at
are also presented in the table, which will be used in evaluatitige receive sides (base station) compared to the transmit side
user capacity via the iterative method as described in Sectignobile station). The numerical results also suggest that, when
[ll. Table 2 is similar to Table 1 except that the differenfM; + M, is small, say 4, only one antenna element should
number of transmit antenna elements is considered. be placed at the transmit side. Wh#fy + M,. increases to 6,
Fig. 2 presents the reverse link user capacity without co8; or 10, two antenna elements should be used at the transmit
sidering the multipath fading environment, which is similar teide. With further increasing/; + M,., it is expected that the
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Both transmit and receive beamforming are assumed in the
system and significant capacity improvements are observed
with an increase of the number of antenna elements and Rake
receiver fingers. The relationships between the capacity and
various system parameters, including the target SNIR, CDMA

processing gain, antenna array gain patterns, and the number
of Rake receiver fingers, are reflected in the simple closed-
form capacity equation.

In this paper we consider an LES array for beamforming
and perfect fast transmit power control in the system. In a
practical system, the loop delay of power control and the
accuracy of SNIR estimation will have an impact on the
performance of power control, which reduces the CDMA
capacity. Furthermore, in a multipath environment, signals
arrive at the receiver through multiple paths from different
directions, which will increase the complexity to steer the
beam to each direction. All these practical issues affecting
the real system capacity will be studied.

distribution between
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ical results of user capacity for the exponential power delay
profile are presented in Fig. 4. For comparison purpose, the

number of transmit antenna elements,, is set to be of 1 and
2, and the number of Rake receiver fingeRs,varies from 2,

3 to 4. Noticeable capacity improvements are seen when the
number of Rake receiver fingers increases, which indicates the
effectiveness of the Rake receiver in combination with the use

of beamforming.

V. CONCLUSIONS

A simple closed-form expression is derived to evaluate
reverse link user capacity for the DS-CDMA systems with the
antenna arrays and Rake receivers in a multicell environment.
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