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Farrokh Rashid-Farrokhiiember, IEEEK. J. Ray Liu,Senior Member, IEEEand Leandros TassiulaBlember, IEEE

Abstract—Joint power control and beamforming schemes are By using space-time processing at the base stations, we can
proposed for cellular systems where adaptive arrays are used minimize CCI and ISI more effectively. Therefore, in mobile

only at base stations. In the uplink, mobile powers and receiver o\ ironments with large delay spread, the joint space-time
diversity combining vectors at base stations are calculated jointly. . il h f 3

The mobile transmitted power is minimized, while the signal-to- Processing will improve the performance [3].
interference-and-noise ratio (SINR) at each link is maintained ~ Most often, deploying antenna arrays at mobiles is imprac-

above a threshold. A transmit diversity scheme for the downlink tical. However, transmit diversity can be deployed at base
is also proposed where the transmit weight vectors and downlink  stations to improve the downlink capacity. In scenarios where
power allocations are jointly calculated such that the SINR at o0, arrays are used at transmitters, the beam-pattern of
each mobile is above a target value. The proposed algorithm . R .
achieves a feasible solution for the downlink if there is one €ach antenna array can be adjusted to minimize the induced
and minimizes the total transmitted power in the network. In interference to undesired receivers. Transmit diversity and
a reciprocal network it can be implemented in a decentralized receiver beamforming are substantially different in nature.
zﬁ?;%“;'n{asndlrlitad%isn rggit rrgg:l"ﬁe%b):ra; wﬁé‘rgeihreesl?o””nske a“;ga'Receiver beamforming can be implemented independently at
downlink channel responges are diﬁereﬁt, the proposerc)zl transmit eac;h recelver., without affe_ctlng the performan_ce of cher links,
beamforming algorithm needs to be implemented in a centralized While transmit beamforming at each transmitter will change
system, and it requires the knowledge of the downlink channel the interference to all other receivers. As a result, transmit
responses. The performances of these algorithms are comparedbeamforming has to be done jointly in the entire network.
with previously proposed algorithms through numerical studies. Moreover, in receiver beamforming, a local feedback from
Index Terms—Adaptive arrays, downlink beamforming, power the receiver output is used to adjust the combining vector.
control, transmit beamforming. In transmit beamforming, in order to measure the channel
response, probing has to be done at the mobile [4], [5] and
a feedback channel can be used to transmit the information
, o to the base station. However, in time division duplex (TDD)
T HE capacity of a cellular system is limited by the cochans stems where uplink and downlink channels are reciprocal,

nel interference (CCI) and intersymbol interference (ISh,e plink channel information can be used for the downlink
CCl is due to interference caused by users sharing the SF%JE 3

channel. If the delay spread in a multipath channel is large ;] [4'1] and [6], transmit beamforming has been done by
than a fraction of a symbol, the delayed components WlETU'

I. INTRODUCTION

SI. Adapt ver b formi h h b acing nulls at the direction of each cochannel receiver.
cause |SI. Adaptive receiver beamforming schemes have is approach is well adapted to cases where the number of

W'd_ely used to reduce_ bqth CCl and ISI and to improve the, .,annels s less than the number of antenna elements. In [9],
uplmk_ cap_acny by_ adjusting the bea”? patte_rn such that tﬂ?a scenario where adaptive arrays are used at transmitters and
effective signal-to-interference-and-noise ratio (SINR) at the .oy erg an algorithm is proposed for selective transmission
output of the beamformer is optimally increased. I.n orQer Which uses the weight vectors calculated by single tap diversity
reduce CCl, the'beamform.er places qulls .at the d|rect|or!s ﬁ[mbiners at the receivers. In [7] and [10], transmitter patterns
mterfer_ence_, Wh"? th_e gain at the direction of th? desirg e adjusted to minimize the overall interference to the other
transmitter 1S _malntalned constant 11, [2.]' In a single 18R channel receivers using single tap transmit diversity. In [6],
diversity, the signal from main path is considered as the S'gqqe use of multitap transmit diversity is proposed to reject the

of .interest. [1]. If multipath signals with large delay SPr€a%erference to other links. However, that work only considers
arrive at different angles, the single-tap beamformer reJectsE % condition in which the number of available nulls is less

ISI terms by placing nulls at the directions of multipath signal§ﬁan the number of antenna elements. The link quality is not
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as the maximum number of users for which the SINR isquivalent base band model. We assume antenna arrays with
achievable. Then, we propose an algorithm that jointly find8 elements are used only at base stations. With that as given
a set of feasible transmit beamforming weight vectors amghd the slow fading assumption, the received signal aitthe
downlink transmit power allocations such that the SINR &ase station, denoted ki (t), is given by [13]

each link is greater than a target value. We will show that the

proposed algorithm minimizes the total transmitted power in M L

the network. We will extend the proposed algorithms to the x;(t) = Z Z A/ PmiGmicdy; @i (61)

case where multitap transmit diversity systems are used at the m=1 {=1

transmitters, which allows us to eliminate the ISI terms more i (= TL) A n(t)

effectively. However, multitap diversity systems suffer from

larger peak-to-average-power ratio. The proposed algoritivanere p,,; models the log-normal shadow fading’,,; and

can be used in time division multiple access (TDMA) oty, . are thelth path fading and loss from theth mobile to

frequency division multiple access (FDMA) systems to redugge jth base station, respectivelf?,, is the transmitted power
the reuse distance or increase the number of users in a cellp}themth mobile.a,.; (6;) = [al,,(6)) - - - aL,(6)]* is theith

mi mi

code division multiple access (CDMA) systems, the presentgpray response to the signal coming from thth mobile at
schemes can be used to reduce the CCI and, as a r(:“SUIEI_iFQCtion 6;. n;(t) is the thermal noise vector at thth base

increase the capacity of a cell. The algorithms proposed in t Bition array. The signal,.(¢) can be expressed as a function
paper can be easily extended to systems with macro-diversit .

where antenna elements are located at different base stati(())r}l/st.h e message symbois,(n) by

We will show that by adding optimal power allocations to the k

existing transmit beamforming algorithms, we can improve Umi(t) = ng(t —nT)sm(n)
the performance significantly. =0

In a TDD system, where the transmit and receive chan-
nels are reciprocal, our algorithm is amenable to distributétere€# = L#/T], andgy,(t) models the effect of the pulse-

implementation, and there is no need for global channgl@Ping function of the modulation schenfeis the symbol
measurement in a network. In a frequency division dup|é:jyration. We rewrite the signal at the output of the array as
(FDD) system or a TDD system with large dwell time, the Mk
uplink anc_j downllnk channels are r_10t reciprocal. In this case, () = Z Z Z Prmi G L - P (01)
our algorithm requires the downlink channel responses in =
order to calculate the downlink diversity vectors and power !
allocations. The downlink channel charzcteristic is megsured g (8= T = T ) s () - mi(F). @)
at the mobile and tra_nsmitted to the base stat_ion through\@\; define the impulse response from thgh mobile to the
feedback channel. Usmg our meth_oq, a ce.ntrahzed Processor clement of theth base station by
is able to calculate feasible combining weight vectors usn?g
the global channel measurements.

The organization of paper is as follows: in Section Il we P (n) = Z\/pmiGmiaimafm(91)7{)75,7‘,(n)
will present our model of a network with multipath fading =1
channels and discuss receiver beamforming algorithms. In . ) ) _
Section Il the joint power control and diversity combiningVherers,;(n) includes the effect of the transmitter and receiver
for uplink is presented. In Section IV we will describe oufilter and g, (¢). The vector channel impulse response for the
transmit diversity algorithm and prove its optimality ancquivalent discrete model is given by
convergence. We will also propose suboptimal algorithms that T
require smaller amounts of global channel measurements. In bomi(n) = [hrlni(n)v e '7’%];1(”)] . 2)
Section V we will evaluate the performance of our algorithms ] )
using simulation study. In the Appendix, first the algorithnf\SSume that the length of the impulse responsg/isThen
proposed in [11] is extended to the multitap receiver diversi#fe can express the sampled received signal vector as
combiner. We will then derive the formulation for the multitap M ON—1

transmit beamforming and will show that the same algorithms . B = h /Ps (k—n) +ni(k 3
can be applied to this case. wilh) = 2 2 i)y Prosm (k=) k) (3)

m=1 n=0

wheren;(k) = [n}(k),nZ(k),---,nf(K)]*, andn? (k) is the

T T

Il. SYSTEM MODEL AND RECEIVE DIVERSITY COMBINING  sampled thermal noise at the output of the matched filter at

Consider a set of cochannel links which may share baee kth element of the array. We are more interested in the
stations as in CDMA systems or may use distinct base statianatrix presentation of the channel, and multiplication instead
as in TDMA networks. Each link consists of a mobile andf convolution. Therefore we define the channel response
its assigned base station. Assume that for each link there argtrix H,,; as
maximum L paths, and that coherent detection is possible
so that it is sufficient to model this multiuser system by an H,,; = [hni(0), i (N — 1)] 4)
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Beamformer defined as
Array Weights
elements

> W

w; = argnqbiinEﬂdi — wfI:cZP}

The solution to the above minimum mean square error
> W I (MMSE) problem is given by the Wiener—Hopf solution

Z > w; = ‘Pi_lpi

where

p; = E{z:di}.

@ R

For simplicity, the training sequence is considered to be a copy
of the signal of interest. Then it can be shown [1] that

o Adaptive
_y.| Beamformer w; = / Pi®; hi; (0). (8)

Both MVDR (7) and MMSE (8) solutions can be expressed as
w;, = c@[lhii(o), wherec is a constant and does not affect
Fig. 1. Block diagram of a receive diversity system. the SINR at the output of beamformer. It can be shown that
both methods maximize the SINR [1]. The weight vectors are
: adjusted during the transmission of the training sequence and
1 . ..
and modify (1) as are kept constant in between training phases. The frequency
M of updating the weight vectors should be high enough such
z;(k) = Z H, ;v Psn(k) +ni(k) (5) that the channel response can be considered constant between
m=1 the training phases. There are computationally efficient and
adaptive techniques to update weight vectors such as least
wheres; (k) = [s;(k), -, s (k = N + 1)~ P d P g

: J . mean square (LMS) [18] or recursive least square (RLS) [19].
The block diagram of a system with adaptive arrays at

receivers is shown in Fig. 1. The output of the combiner at

the ith receiver is written ag;(k) = wfz;(k), wherew; is IIl. JOINT POWER CONTROL AND
the beamforming weight vector. The average output power is RECEIVE DIVERSITY COMBINING
given by In a network with power control capability, the transmitted
H H power is updated based on the link quality at its receiver,
& =E{w; zi(k)z; (F)wi } e.g., SINR or bit error rate (BER). In this work we consider
=w/E{z;(k)z! (k) }w;, = w! ®,w;. (6) the SINR-based power control schemes [16]. The SINR is a

function of receive diversity combining vector at each receiver.
The aim in receiver beamforming is to adjust the weightn the other hand, the diversity combining weight vectors also
vectors to achieve maximum SINR at the output of th@epend on the transmitted powers. This fact implies that in
combiner. This can be achieved by minimizing the totgrder to achieve the optimal performance, we need to consider
interference at the output of beamformer while the gain f@he joint calculation of combining vectors and allocated powers
the desired user is kept constant. The optimum weight veciara network [12].
is then calculated by the following minimization: First we evaluate the SINR at each combiner output as
a function of the gain matrixd ,.,;, weight vectorw;, and
transmitted powers. Assuming that the transmitted signals from
subject to w!’h;(0) = 1. different sources are uncorrelated and zero mean, and the
additive noise is spatially and temporally white, we can write
The solution to this problem, known as minimum variancthe correlation matrix as
distortionless response (MVDR), is given by [1]

min wZH dw;,
w;

@, hii (0) b plnel)

T hi(0)2; thii(0) @

M

= Z P E{H s, (k)s(k)HI} + E{n;(k)nf (k)}
m=1

Here the channel response to the desired user is assumed as

to be known. If the channel response is not available, we = Z PoH, HY, + NI

use a training sequence, which is correlated with the desired =1

signal. The weight vector is obtained by minimizing the mean M N-1

square error between the beamformer output and the training = Z P, Z Boni(n)B(n) + NI = & + & 9)

sequence, denoted by [1]. The minimization problem is m=1  n=0
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where ¢ and ®! are the correlation matrix of the desirecamong all feasible solutions. In [12], the following iterative
signal and the interference, respectively, defined as algorithm has been proposed to find the joint power allocation
s I and combining vectors. The algorithm steps atsitieiteration
¢ = Pikii(Ohi; (0) are given as follows.

and Algorithm A:
1) The beamforming step, which is equivalent to maximiz-
I H H ’
®f = > Phii(n)hii(n) + ) PiHl i Hy, + NI ing the SINR
n0 J#i =
Define the gain matri@,,,; = H,,;H" . The gain matrix@; w; = argpax wl oy,
can be separated into signal and interferences matrices L H s
= argmax PﬂUZ G”wz
T — aI'g d .
Gii =G} + G, wi Z Prwfl G wi + Now!'w;
m

whereG;; = g,;911 andg,; = h;(0). The desired signal power . .
at the output of the beamformer is givendy” G3,w;, andthe ~ 2) Transmitted power is updated by

interference power from theith mobile isw; ¥ G, ,w; where i (w)H Olw?
P =y P i
gt _[Gmis  m#i T @) TRy
mi G” — wa otherwise. Z P (wn)HGI W+ Nz(wn)Hwn
The SINR at the beamformer output can be written as -
" " (wi )" G} wy
r;,= w;,q)”,wj = le v T (10) In [11], we have shown that starting from an arbitrary power
w; jwi N PLwl Gl w, + Nyw!lw; vectorP", the above algorithm converges to the optimal power

allocations and combining vectors such that the transmitted
In order to provide the required link quality, the SINR apower is minimized among all feasible power allocations and
link 7 should be at least;. Consider a beamforming vectorcombining vectors. A detailed proof of the convergence of the
setA = {wy,---,wy}. A set of cochannel links is feasiblealgorithm can be found in [11]. Algorithm A can be applied
if there exists a power vectd? = [P, ---, Py;]7 and asetd to systems where multitap diversity combiners are used at
such that the link quality is satisfied for each link. That is, receivers. The formulation and detailed discussion of this case
can be found in the Appendix.
i > v

For afixed diversity combinethe optimum transmitted power IV. TRANSMIT BEAMFORMING

is achieved wher’; = ~;. The minimum power allocation |n the following we assume that only base stations use
can be achieved by iterative power control schemes which jigtenna arrays. We will present an algorithm that finds a set

proposed for systems with fixed gain antennas [11] of transmit weight vectors and power allocations such that
wH Iy, the desired SINR at each mobile is above a target value. As

Pt =’77¢P7;"ZHTZ7’ we will see later, the transmitted power is also controlled by

Wi Wi the transmit diversity weight vectors. We will show that the

Z P,’,ZWf{G,’mwz‘ + NiwH w; proposed algorithm minimizes the total transmitted power in

=y — 7 the network as well.
w;” G w; The block diagram of a transmit beamforming system is
(i=1,---,M) shown in Fig. 2. Note that a base station may transmit to

o . . _ more than one mobile with different beamforming weight
where " is the transmitted power at theh iteration by the \oqors Denote the diversity vector for thigh mobile by

ith mobile. Similar to systems with fixed gain antennas, we . The received signal at each mobile is a superposition of

show that the above iteration starting from an arbitrary pPOW§fe {ransmitted signal from different base stations and their

0 . .
vector P” converges to the optimum power allocation for th@e|aved versions through the multipath channel. The received
desired SINR. Now we define the problem as to find a set Qfgnal at theith mobile is then given by

beamforming vectors and power allocations to minimize the
total transmitted power while the link quality is maintained at _

M k L
each link G =33 w/ay(6)

b=1n=0 (=1

min F;, I
A,Pzi: . \/pibGibOéébgib (t —nd — Tilb) Pb§b(7‘L) + ﬁ7(t)
such thafl’; > ~;. (11)

In [11], we have shown that if the set of cochannel linkeherek = [¢/T], 5, is the message signal transmitted from
is feasible, there exists a unique set of weight vectors atie bth base station to its associated mobile, @n(t) is the
power allocations such that the transmitted powers are mininthérmal noise at théth mobile. P, can be considered as the
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Beamformer In contrast to the uplink case, there is no solution that
Array Weights minimizes the transmitted power by each base station. Later,
elements we will show this fact by a simple counter example. The
B transmit power by théth base station is given by;||w;||?.
We define the problem as a total network power minimization
> problem
. min » _ Fil|wi|,
subject tal; > ~;.
The solution to this problem can be found by standard opti-
> mization methods. However, in the following we will present
an algorithm that achieves the optimal solution. The minimum
power is achieved when the SINR is equal to the target value.
Feedback That is,
Channel :
——»f Beamformer Li =i, (i=1,--, M)

which in matrix form can be written as
Fig. 2. Block diagram of a transmit diversity system. N N
P=D,FIP+a,
signal power before the beamformer. Instead of absorbing thi
factor into the beamforming weight vector, we use it to adjug\f
the level of the transmit power. The channel can be modeled [Fo]i; =w!GLw,
by a discrete impulse response given by Gl me e

?‘lereDw and F',, are defined as

hiy(n) = Z%‘b(@)\/ PGy rhy(n) Wt UM MMM
=1 and
wherer!, (n) includes the effect of the receiver matched filter, ) v N

wave shaping function, and transmitter filter. Assuming that (ol = —
. , ) . wl G w;
the length of the discrete equivalent impulse respons¥ is ‘
we can express the sampled version of (11) at the symboln the following we consider the problem of the joint

interval as computation of a feasible set of combining weight vectors and
M N-1 power allocations. We will propose an algorithm that achieves

2i(k) = Z Z wl hy (n)\/l'?b%(k —n)+na;(k). (12) the optimal solution if there exists at least one feasible solution.
b=1 n=0 First we construct a virtual uplink network whose channel

responses are similar to that of the downlink. Then we find

It follows that . i . ) .
the receiver diversity vectors at the base stations of the virtual

M
SN Hy |5 . uplink, and at each iteration we use the same combining vector
zi(k) = bz_:lw" Hip\/ By (k) + 7 (k) (13) " for the downlink. The algorithm steps at th¢h iteration are
- as follows.
wheres, (k) = [5(k), -+, 5 (k — N + 1)]*. Definez;, (k) = Algorithm B:

H,;, I:’bé(k). Then the received signal at thith receiver is 1) Diversity combining for virtual uplink:
expressed as

. . - " wi &2w;
zi(k) = zb: wy T (k) + ns (k). (14) w;’ =argmax w—f"ﬂwz‘
o : . : Prwf G5 w;
Similar to the receive diversity case, we can show that the de- = argmax t wZI ki
sired signal power at thah receiver is given by’w! G w;, i Z Prwl Gy w; +wilw;
m

and the interference power from thi¢h base is given by
Pow]' Gl,w,, whereG;; andG!, are defined as in the uplink.
The SINR at this receiver is given by

- Puwl Gw; Pt = Dy [n)F,, [n]P" 4w, [n]
' Z wa({{G{bwb =+ N7
b

2) Virtual uplink power updatéP"1):

3) Downlink power updatéP"*1):

where N; is the thermal noise power at tfith mobile. P = D, [n)FE[n] P + 4, [n).
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In the above algorithmw? is the optimal beamforming for as is shown in the following. The eigenvaluesdf, F',, are
the power allocation at theth iteration. F,[n], D,,[n], and the roots of| D, F,, — AI|
i, [n] are defined as in (15) wheus; is replaced byw?, and

’U.w[n] is defined as |D'1UF'1U - )\I| = |D'1U||Fw - )\D_1| = |D'11)||(F'zu - )\D_I)T|

=|D||FL — AD_'| = D FL — M| =0.

w)HGLw]

That is, the downlink gain matrix is an asymptotically constant

Ynatrix whose eigenvalues are inside the unit circle. Based on

Theorem 1, the downlink iteration is also convergent, and the

) algorithm converges to a feasible solution.

A. Convergence of the Algorithm From the above discussion, we can also conclude that the
In order to show that the above algorithm converges &pectral radius ofD,,F,, and D, F are the same. Then

a feasible solution for the downlink, we first use the fagt(D.F.) < 1 whenp(D,FL) < 1 and vice versa. That is,

that the uplink power allocation and beamforming vectoitfe feasibility of virtual uplink and downlink are equivalent.

converge to a constant (optimal) power allocation. Then we

conclude that the uplink gain matrix converges to a fixeB. Optimality of the Solution

matrix whose eigenvalues are inside the unit circle. Using theIn the following we will show Algorithm B also minimizes
fact that the eigenvalues of the gain matrix in the downlin!ﬁe total transmitted power

and uplink are the same, we conclude that the downlinktpeqrem 2: Algorithm B minimizes the total transmitted
!teratlon is convr—_:rggnt if the virtual u.plmk is so. First w ower for the downlink, i.e.,
introduce the definition of an asymptotically constant system.
An asymptotically constargystemis defined as follows. [A, P] = arg min Z P|jw;]?
Definition: The following linear system: i

The extension of this algorithm for multitap transmit diversit
systems is presented in the Appendix.

z[n + 1] = C[n]x[n] + d[n] where A is the set of optimal beamforming vectors =
. . . {ﬁ]la"'aﬁ]l\/f}- N
is called asymptotically constarif Proof: Total transmitted power can be expresseda®,
wherel,, = [||w1]]?,---, ||lwa||*]*. The virtual uplink itera-
Cln] = C + Eln] tion converges to
and P=(I-D,F,) 'u,
—1
lim ||E[n]|| =0. = (I - D'wF'w) D'w]-'w-
B ) Here we used the fact that, = D,1,. Define N =
The stability of these systems can be evaluated using tp@l NIW]T. It follows thati,, = D,,N. A weighted sum

following theorem [15]. _ _ of the virtual uplink power vector defined @ N can be
Theorem 1: The asymptotically constant system is asymyitten as

totically stable if the matrixC' has all its eigenvalues inside .
the unit circle. P'N=1ID,I-D.FL) N
In the following we will shovx_/ that the downlink power :15(1_ Dng)—lDwN
control and transmit beamforming system proposed in Al- )
gorithm B is an asymptotically stable system. The first two =1,P. 17)

steps of the algorithm are similar to the joint uplink POWErH ot is, a weighted sum of the virtual uplink power is equal to

control and peamformmg update equat|on§. In [11].’ we .haYﬁe total downlink transmitted power. Since the virtual uplink
shown that in a feasible network, the first two iterations

of Algorithm B converge to a fixed power allocatioR power is element-wise minimal among all power allocations

: ) 1], its weighted sum (left-hand side of the above equation)
Therefore the beamforming vectors are also converging f0 L )
! X i ) iS"also minimal. It can be concluded that the total transmitted
fixed beamforming vectors, which are given by

power from the base stations is also minimized by Algorithm
Pw! Giw; B. -

By optimality, in this paper, we mean the solution that
allocates the minimal power to the transmitters while the SINR
at the mobile is above a target value. The objective of this
As a result, the uplink virtual gain matri®,,[»n]F,,[r] as well work is not to minimize the transmit power for a target BER.
as the downlink gain matri®,,[2]FZ [n] converge to constant However, if the distribution of the interference and noise is
matrices. From the feasibility of the virtual uplink network, wesaussian, this algorithm also provides the optimal performance
conclude that the uplink gain matrik.,[n]F,,[n] converges in terms of minimum BER.
to a matrix whose eigenvalues are inside the unit circle. Theln the following, using a counterexample, we will show that
eigenvalues of uplink and downlink gain matrix are the samfr the downlink there is no power allocation and beamforming

w; = argmax T I
i E Pow G w; +w w;
m
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Location of mobiles and base stations C. Practical Implementation
1 ' ' ' ' l Algorithm B requires the full knowledge of the channel and
08 1 array responses for the entire network. This requires channel
06k |  measurements at the mobile and a feedback mechanism to send
the information to the base station. Moreover, base stations
0.4F 1 should transfer the measured channel responses to the other
02k | base stations which requires a lot of wireline communication
* x bandwidth. However, in order to calculate the transmit diver-
> o ° ° | sity weight vectors, we can only use the channel response
02t { to the closest cochannel users, for example the first tier in a
oa | network. In this case only the closest cochannel cells need
’ N to transfer channel responses. The practical implementation
-0.6F {  of this algorithm needs further research which is beyond the
o8l scope of this work.
In the case that the uplink and downlink are reciprocal, the
-1 3 o o os ; 75 Virtual uplink in Algorithm B is same as the real uplink. We
x propose the following algorithm for reciprocal networks.
Fig. 3. Locations of mobiles and base stations (counterexample). Algorithm C:
1) Diversity combining and equalization for uplink:
set that minimizes the transmitted power for each base station. n wi &2,
We only need to find a case where there exists a feasible Wi = A RN T &l
power allocation that transmits less power to a specific mobile o PrawH G,
than that of the minimal total power allocation. We consider = arg max (it Bl
a network of three mobiles and two base stations where each wi ZP nwl Gl w; + NawHw;
m

mobile is assigned to the closest base station as illustrated

in Fig. 3. A two-element antenna is employed at each basez) Uplink power update P"*1):

station. The link gain between thi#h mobile and thejth

base station is simply considered to bgi};, whered;; is P = Dy [n]F y[n]P" + wy[n]
the distance between thith mobile andjth base station. The , N
noise power is assumed to be unity, and a target SINR of3) Downlink power updateP"*"):

ten is to be achieved. The minimal power allocation by our Pt = D] FE ] P + i [n]

algorithm is given byP = [.6371,7.0015, .0028]%. Next, we

try to reduce the interference at the first mobile by forcing thehere[u,,[n]]; = (v N; /(w!) ¥ G;wl). The second and third
second and third beamformers to place nulls to the directisteps of the algorithm can be implemented using only local

of this mobile. That is, interference measurements similar to any distributed power
" " allocation algorithm [16]. In order to implement the first step
w [allagl] = [1 0] w [allagl] = [0 1] . :
1 ’ 2 ’ of the algorithm we can use (7), where we need to estimate
wi[a2a52] =[0 1]. only the channel response to the desired user, or we can use

The weight vectors are selected such that the gain towaarérammg sequence and use (8) to calcuiafe The second
. . : . . step of the algorithm requires the measurement of the SINR
the desired user is unity. The weight vectors given by th . : . . .
; at the mobile and the link gain from each base station to its
above set of equations are used to constidgt F',,. andu,,.

The minimal power allocation to satisfy the downlink SINI‘-\‘F"SS'g’]mEd ”.‘Ob"e- In _the foIIow_m_g we will show that SINR
. : . can be estimated using the minimum mean squared error at
requirements is then given by . . :
the beamforming steg,.;,. Without loss of generality, we
P, =[1—-D,F] _ldw. assume that the variance of reference signal is unity. We can
then show that [1]
For the above fixed weight vectors, the minimal trans- B — min Bl g2
mitted power by the base stations is given Wy = imin = Tt {Ildi —wi'2]* }
[.0316,8.4702, .Q36]T. Note that the transmitted power to the =1-wlow, =1- Pglle g,
second and third mobiles are increased while the transmitted o
power to the first mobile is decreased. If there exists a feasidiBe total power at the output of the beamformer is given by
solution that minimizes the transmitted power for each user T H Hoa—1
it should satisfy the following condition: Wi Tt i T G
Desired signal power is then expressed as

P; = Pw!Gjw; = Plg/[®; ' g,,9] g,
2 Ha—1_ \2
=P (g; ¢, 9ii)

T

P < [.0316,7.0015, .0028]7

which contradicts with the fact thaP minimizes the total
transmitted power.
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and the SINR at the output of beamformer can be written as Algorithm E:

B 1) At each base station:
Pf(!}f{‘bi 1911)2

;= L . H s
‘ Pz‘yg‘bi_l!}m - P? (95‘5;1911)2 Wi = atg Imaxw Giiw
_ Pl(ggq)z_lgu) — 1- Ei,min ) . ;
1—-P(gfl®;"g;,) E; min subject tow” [ " @), |w<e
J

The power control equations in the above algorithm are then

modified as 2) Power allocation:

. E. . P= [I - Dng]_l’N‘w
Pin+1 _ Pznl =y P fmin . '
r; 1 - E; nin wherec is a constant and does not affect the final result. The

) _ _solution to the beamforming is the generalized eigenvector of
Therefore, in order to update the transmitted powgri, is (g2 v G};]. In Algorithms D and E the first step determines
evaluated at each base station (measured locally) and $8gtheamforming vector. The second step adjusts the norm of
to the assigned mobile. Knowing its previous transmittefle weigh vectors or the transmit power to set the SINR at
power and the target SINR, the mobile will update its powegach Jink to the target value. We have modified the algorithm
The uplink weight vectors are c_alculated using only !Ocﬂr_oposed in [9] for the case where adaptive arrays are only
measurements at each base station. That is, this algorithmydgq at the transmitters. In this algorithm, the weight vectors
amenable to a distributed implementation. In this case thergcylated from the uplink are used for transmit beamforming.

is no need to perform the global measurements to find thgen, the minimal power allocation for the downlink is found
channel responses. Note that the only difference between ti?i‘;'lsthe downlink power control.

algorithm and Algorithm B is that the channel response for Algorithm F:

both uplink and downlink are the same, and additive noisel)

at the mobile is contributing in the uplink beamforming and

power allocation. Using similar proof as in Section IV-A, we . wl Ofw;

can show that Algorithm C converges to a feasible solution for Wi = A i w! ®lw;
the downlink, and the total power is minimized if the additive
noise at all mobiles is the same. 2)

In any of the above cases, the downlink power iteration P= [I_DWFZZ]_l.&w.

can be implemented using only local downlink measurements
at mobile. Moreover, we can replace the first two steps bf the simulation study we will evaluate the maximum achiev-
the algorithm with different beamforming schemes which magble SINR using Algorithms C and F in a TDD network. We
or may not require global channel measurements. When wél also evaluate the performance of the above algorithms
find the beamforming vectors, we can calculate the minimahen we use the uplink channel response as an estimate of
power allocation for the downlink using the third step of théhe downlink channel response.

algorithm. In the next section, for comparison purposes we

compare the performance of our algorithms with a modified V. SIMULATION RESULTS

version of the algorithms proposed in [7]. In the first algorithm In order to evaluate the performance of our algorithms, a

we try t_o maximize the re_celved power at the desired mOb'nl\eetwork with hexagonal cells and a cluster size of one is sim-

with a f!xed n(?rm transmit beamforming vecior. ulated as illustrated in Fig. 4. The base stations are placed at
Algorithm D: . the center of the cell. In each cell one user is placed randomly
1) At each base station: with a uniform distribution. The path loss is proportional to

r—*, wherer is the distance between the mobile and base

L N H vs
w; = argmaxw” Gj;w, station. For each link, 3-dB log-normal shadow fading and

subject to |jw||? = <. three paths with equal power Rayleigh fading are considered.

In the first simulation we considered negligible delay spread

2) Power allocation: between different paths. The angle of arrival for each path is a
uniform random variable in [0,78. Raised cosine function is

P=[I-D,F] L. used as the pulse shaping function. With different numbers of

antennas at the base stations we have implemented Algorithms
Note that the magnitude of the weight vectarsdoes not B-E and evaluated the maximum achievable SINR in the
change the end result, since the power allocation step wiktwork. Algorithms D and E with fixed power allocation
adjust the overall magnitude of the transmit power. Th@vithout power control) are called R1 and R2, respectively
solution to the beamforming is the principal eigenvector ¢¥], and are simulated in a system where each base station
G7;. In another algorithm we try to maximize the gain towartransmits with the maximum power. The results of a Monte
the desired user while the total transmitted power to all oth€arlo analysis for 100 iterations is summarized in Table I.
users is minimized. In the same system with single antennas at the base stations,
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Distribution of users in network TABLE 11l
T T 7 T T MaxiMmum AcHIEVABLE SINR IN dB

Number of elements | 2 4 6 8
§ Algorithm C 9.0| 126 | 149169
Algorithm F 8.1|11.05|12.9| 145

Uplink transmit power

1 T T T : T T

Total Power

Fig. 4. Locations of mobiles and base stations.

TABLE |
MaxiMum AcHIEVABLE SINR IN dB o L 2
Number of elements | 2 4 6 8 20 -1 e Target_ssNIR[dB] o s 10

Algorithm B 9.14 | 12.5 | 14.8 | 16.7

Algorithm D 75 | 96 | 109 | 11.74 Fig. 5. Total mobile power as a function of target SINR.

Algorithm E 69 | 79 | 84 | 83

Algorithm R1 48 | -29|-18 | -.95 . . .

Algorithm R2 | 6.3 | 5.0 | 44 | -4.5 maximum achievable SINR for those algorithms are summa-
rized in Table 1ll. Note the differences between Algorithms C
and F. In Algorithm F, the beamforming vectors are evaluated

TABLE I N ; ;
MAXIMUM ACHIEABLE SINR I dB once, while in Algorithm C the beamforming vectors are
_ adjusted after each power control step.
Number of clements | 2 | 4 | 6 | 8 In the same cellular network as in Fig. 4, we have simulated
Algorithm B 7.5 (9.08| 964 | 9.9 . . .
Algorithm D =1 193 105 1106 a system where base stations are equipped with four-element
Algorithm E 66| 71 | 66 | 50 antenna arrays. Channel responses are constructed as before.
ﬁgoritﬁm gl -4.71-28|-2.05)-17 However, the delay spread in the channel is considered to
gorithm R2 | -6 | 46 ] -59 | -7.7 be uniformly distributed in [0, #], whereT is the symbol

interval. The multipath fading and angles of arrival are also

the optimal power control algorithm will achieve maximunindepeml_ent in up!ink and downlink. We consider an FDD
SINR of 5.2 dB. From the simulation results we concludgystem with 10% difference between uplink and downlink fre-

. ) . . . encies. The total transmitted power in uplink and downlink
that our optimal algorithm can achieve considerably h|gh§r';j a function of the target SINR is shown in Figs. 5 and 6,

SINR. By adding the power allocation to R1 and R2 we Carrt]as ectively. In Fig. 5 the total uplink power as a function of
improve the SINR significantly. Algorithm D uses a simple P Y. g b b

. . . the target SINR is plotted. The dashed curve shows the case
beamforming algorithm and requires the channel respo

f hb tation t v its desired Note that i ere we use single tap diversity combiner and four-element
rom €ach base station to only IS desired user. Wote thal IN dhso 55 at the receivers in the uplink. The solid curve shows

of the above simulations the downlink channel response frQff}, 445 transmitted power when we use three-tap receiver di-
each base station to each mobile is assumed to be knoygsjr, combiners and four-element antenna arrays. The results
The same simulation is performed where in the beamforminge 556 compared with the case where we use omnidirectional
step the uplink channel responses are used as an estimalidnnas and power control without equalization (BC= 1),
of the downlink channel responses. In this system, the upligkqg with three tap equalizer (P@ = 1, Q = 3). Fig. 6
frequency is 10% lower than that of the downlink. The resudhows the total downlink transmitted power as a function of
is summarized in Table Il. The performance is degradgge target SINR at the mobile. In this simulation we have
compared to the previous case. used four element antennas at the base station. Performance
Algorithms C and F are designed for reciprocal networksf algorithm B with single tap and multitap transmit diversity
We have evaluated the performance of these algorithms if@ = 3) are compared to Algorithms D, E, R1, and R2. The
TDD network with the same system setup as in the previogarve labeled with PC shows the result of a power-controlled
case. The uplink and downlink channel responses are assursgstem with single antennas. The simulation results show that
to be reciprocal. The result of Monte Carlo simulations for thiey using our algorithms, we can significantly reduce the total
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Fig. 6. Total base station power as a function of target SINR.

transmitted power, or maximum achievable SINR, in both
uplink and downlink. We can also increase the SINR for a
given transmitted power.

o

VI. CONCLUSION

We have proposed an algorithm for transmit beamforming
jointly with power control, which achieves a feasible set
of transmit beamforming vectors if there exist any. It also
minimizes the total transmitted power in a network for a target (b)

_SINR at each mobile. -I_-he SOluuor_‘ proposed in this Worlliﬁg. 7. (a) Block diagram of a multitap receiver diversity system; (b) a
is also extended to multitap transmit beamformers. We hay@nbiner.
shown that our schemes can reduce the total transmitted power

compared to previously proposed methods. They can als

; . . ce%culates the weighted sum of its input signals. The maximum
increase the maximum number of allowable users or maximu

achievable SINR in a network. In TDD networks where thégéaﬁé:ft:]hifd;ver;'.t ye(r:O_Ir‘phb;ngr,t dingft?ge%{. IZrasl'?o (fc?rl'rlwebqner
uplink and downlink channels are reciprocal, this algorith 9 quaizer. utpu versity '

. . can be expressed as
can be implemented using only local measurements and™in P

a distributed fashion without any performance degradation. In Q-1 .

the networks where uplink and downlink channels are different yi(k) = > wi(@zi(k + q). (18)
due to FDD or fading, in order to utilize the full capacity of the q=0

network, the algorithm shall be implemented in a centralizeg, simplify the derivations, we defin®; = [w?(0), ---
fashion, using downlink channel responses. wl(Q — D)7 and Xi(k) = [z7(k),---, 27 (k + Q — D]’

The diversity combining output is then given by

yi(k) = WX, (k).

APPENDIX

A. Multitap Receiver Diversity Combiner In the combining process we try to minimize the difference

In a single tap diversity combiner, the delayed version @f the output of combinefy;(k)} and the training sequence
the signal of interest is considered as interference, which {ig; ()}

rejected at the output of the combiner. While in a multitap ] I )
combiner the desired signal and its delayed versions can Ei min :%ﬁEﬂdi(k)_Wi Xi(k)| }
contribute to the estimation of the transmitted symbol (Fig. 7). '

In a sense, the multitap diversity combiner is a broadbari#e combining vectoW; is given by
]lc)eamforme_r, and the simple combiner is a narrowband beam- min = argmin E{|d; (k) — W X, (k)[*}.
ormer. It is clear that the broadband one performs better ;

in multipath environments where the delay spread of sign
produces effective broadband signals. Thélocks in Fig. 7
produce one symbol interval delay, and the combiner simply W, min = o lp

[ 7

all‘?le solution is given by
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Where QIZ;yents "
T . T
&, = B(X (k)X (k) g SR A R R\ ]
= 1% T T I— P T |‘—1
and — .
p; = E(d; (k) X;(k)). : : :
_ | | ot o7 ] [T Ko7 1
Assume the training sequence is a delayed version of the ___( | ] | ?_I
transmitted signal, i.ed; = s;(k + D), where D is chosen

to center the space time combiner, iB.= @Q/2 and@Q > N.
The cross correlation vectgr; is given by

0
hi(0) L\\\fi’/J

p;,=E{s;(k+Q/2)X;} = VF; =Py, S(k)
hii(N — 1) Fig. 8. Block diagram of a multitap transmit diversity system.
0

Splitter .- Splitter Splitter

The noise vecton; consists of spatially and temporally whitel@P Of theéth base station byw,(q). The received signal at
noise components which are independent of the receiviti§ {th mobile is given by
signal. Therefore, the correlation matrix can be simplified as

B Q-1 k L
u H i Sm () 7i(t) = Z Z ZwbH(Q)aib(el)\/ pibGibaébgib
b=1 q=0 n=0 =1
b=y P.E : —
m=1 Hnlisnl(k+Q_1) . (t—TLT_ Zlb) Pz,éb(ﬂ—‘])‘i‘ﬁz(t)
[sEHE, o sHr Q- HHE] S 4 N 'tl)':;e sampled signal at the output of the receiver filter is given
(19) B Q-1N-1 -
Zi(k)=>_ 3" > wil(@ha(n)\/ Pdy(k — n+q) + (k)
whereJ; is the thermal noise power at the input of each array b=1 g=0 n=0

element. We assume the signals transmitted from different ) ] ) ) ] . ]
sources are uncorrelated, and the signal transmitted fronfVBereh., is defined as in the signal tap diversity combiner.
source is also an uncorrelated zero mean sequence of symgbifollows that

Then (19) can be simplified as o-1
M Z(k) =" > wl(@Hu\ Bk +q) + 7i(k)
O = PuGi+ NI (20) b=t a0
e where 3,(k) = [3(k), - -, 5 (k — N + 1)]7. Define W, =
G...; is a block matrix whosgyqth block is defined as [wl(0),---,wl (Q—1]T, andX (k) = [#5(k),-- -, &5, (k+
" Q — D)7, wherez;, (k) = Hy;,\/ P,3(k). Then the received
[Gilpg = Hnid p—qH signal at theith receiver is expressed as
whereJ,,_, is a matrix which only has all ones on tfye—q)th Zi(k) = Z WHX (k) + iy (k). 1)
diagonal in parallel with main diagonal elements. Note that ’ ; ’ ’

the formulation of the correlation matrix, and consequently,
the multitap diversity combiner SINR, are similar to that of The total transmitted downlink power by each transmitter
the single tap diversity combiner. As a result, Algorithm As given by
can be used to find the optimal power allocation and receiver
beamforming vectors. QL | .
> Bilw) (gwi(e) = BW;) W
B. Multitap Transmit Diversity =0
The block diagram of a multitap transmit diversity systemgain the expression for the received signal is similar to that of
is shown in Fig. 8, which is the dual of the graph in Fig. &the single tap transmit diversity system, whetg is replaced
The transmitted signal is a combination of the desired signaith X,,, andw; is replaced withiW ;. Therefore, Algorithm
and its delayed versions. Denote the diversity vector attihe B can be applied to multitap diversity systems as well.
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C. Oversampling Method From (24) and (25) it follows that
Instead of sampling the matched filter output, we can :ci(kT)

oversample the received vector at the array output by a factor

of R. In this case the samples are taken@ay R wheren € Z. :

The block diagram of the system is similar to Fig. 7, where (/fTJF( - 1)T/R)

the delay blocksl” are replaced b{’/R. The received signal H,,(rT/R)
is given by — Z [ : $m (k)
M kL " LH i ((R-1)T/R)
= Z Z Z Pmi nnan”P la'rnz 91 ’IT,Z(I{}T)
m=1n=0Il=1 + .
it — 0T — nn)snl( ) +ni(t) ni (kT + (R — 1)T'/R)
and the sampled signal is given by or
x; (kT +rT/R) (1Y — ‘ . (e
v Xi(k) =Y HoiV/ Prnsm (k) + Ni(k)
= Z Z Z prniGrniainz‘Prnarni (91) "
m=1n=0 =1 where
grnz(kT + 7 T/R —nl — nn)snl(n) Hrnz(7 T/R)
+n, (kKT +rT/R), r=0,---,R—1. (22) Ho = L :
Define mi((R—1)T'/R)

% and
rn7 Z a'nn 91 pnn mi Oéinigrni (t - Trln,i,) . (kT)
(AW

The sampled received signal is then given by Ni(k) =

(kT + 7’T/R)

= Z Z V Pahoi(k = n)T + 7T/ R) s, (n)

The output of the combiner can be written as

m=1n=0

+n; (KT +7T/R) Z w; i(k+q). (26)
=3 > VPuhui(nT +rT/R) Since (18) and (26) have the same structure, the formulation

m=1n=0 of this problem would be the same as before.

~sm(k —n) +n; (KT +rT/R). (23)  In the transmit diversity case, similar to the receive diversity

case, we can oversample the received signal. The block
diagram of the transmit diversity system would be similar to
that of Fig. 8, while the delay at each tagligR. The received
signal at theith mobile is given by

Assume that the length of the impulse responsé/isThen
the received signal can be expressed as

M
(kT +7T/R) =Y /PpH i (rT/ R) s (k)

— B Q-1 k L
+n;(kT +rT/R), r=0,---,R—1 (24) Z Z wa{ ai;y, 91)\/ szGwazbgw
b=1 ¢=0 n=0 (=1
where (t—nT —75)VPod(n + q) + i(t) (27)
Hrni (7’T/R) — [hmi (7’T/R), ey hrni((N — 1)T + 7>T/R)] wherek = Lt/TJ . Define

(25)

L
and hzb(n) = Z aib(el)\/ pibGibaf‘,bgib (t — Tilb).
=1

$m(k) = [sm(K), -+, sk = N + 1))
Then (27) can be rewritten as
Define a received vectaX; (k) which consists of the received

vectors at the sampling points B @l k L

ui(t) = Z ZwbH(Q)aib(el)\/ pisGiverly gin

X,(k) b=1 =0 n=0 =1
— (5 (KT) (KT +T/R), - (kT + (R — )T/R)|". =T =) Boin(n — q) + ut).
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When the length of the channel response is less flathe [3] P. Balaban, and J. Sulz, “Optimum combining and equalization in digital

oversampled received signal is given by data transmission with application to cellular mobile radl&EE Trans.
Veh. Techno| pp. 342-354, May 1991.
gi(kT + 7’T/R) [4] D. Gerlach and A Paulraj, “Ad‘aptive transmitting antenna array with
B O-1 & feedback,"IEEE Signal Processing Lettvol. 1, no. 10, Oct. 1994. )
" [5] , “Spectral reuse using transmit antenna array and feedback,” in
= Z Z Zwb (r,Qhy (KT +rT/R — nT) Proc. Int. Conf. on Acoustic, Speech and Signal Processhuglite,
b=1 q=0 n=0 Australia, Apr. 1994, pp. 97-100.
[6] H. Liu and G. Xu, “Multiuser blind channel estimation and spatial
V Bydp(n+ q) + i (t) channel pre-equalization,” iRroc. ICASSP’95Detroit, MI, May 1995,
B Q-1N-1 pp. 1756-1759. o e
H [7] G. G. Raleigh, S. D. Diggavi, V. K. Jones, and A. Paulraj, “A blind
= Z Z Z wy (7” Q)hib (HT + 7’T/R) adaptive transmit antenna algorithm for wireless communications,” in
b=1 ¢q=0 n=0 Proc. ICC'95 vol. 3, p. 1949, 1995.
[8] P. Mongensen, F. Frederiskson, J. Wigard, and S. Peterson, “A research
“VP5(k —n+q) +n; (kT ++T/R) study of antenna diversity and data receivers for DECTPrioc. Nordic
B Q-1 Radio Symp.Slatsjobaden, Sweden, Apr. 1995.
H . [9] E. Perahia and G. Pottie, “Adaptive antenna arrays and equalization for
=3 w(r,)Hu(rT/R)\/P,su(k + ) indoor digital radio,” inlEEE Int. Conf. Communications ICC-98une
b=1 ¢q=0 1996.
. ) [10] D. Gerlach and A. Paulraj, “Adaptive transmitting antenna methods for
+ ni(kT +7 T/R) (28) multipath environments,” ifPfroc. GLOBECOM’94vol. |, pp. 425-429.
where H (7’T/R) is defined as before [11] F. Rashid-Farrokhi, L. _Tasslula_s, and K. J. R. Liu, q0|nt optimal power"
control and beamforming in wireless networks using antenna arrays,
(o — [h (7 R — . IEEE Trans. Communvol. 46, pp. 1313-1324, Nov. 1998.
Hiy(rT/R) = (hio 0T/ R), -+, Bio (N = DT + 1T/ B)]. [12] , “Joint optimal power ggntrol and beamforming for wireless
Define networks with antenna arrays,” ifroc. IEEE Global Communications
Conf, London, Nov. 1996, pp. |-555-559.
wy(r,0) [13] A. Paulraj and C. B. Papadias, “Array processing for mobile commu-
W,(r) = : nications,” inHandbook on Signal ProcessingBoca Raton, FL: CRC
. Press, 1996.
wy(r,Q — 1) [14] J. H. Winters, J. Salz, and R. D. Gitlin, “The impact of antenna
diversity on the capacity of wireless communication systetBEE
and Trans. Communwyol. 42, pp. 1740-1751, Feb./Mar./Apr. 1994.
- 15] J. L. Willems, Stability Theory of Dynamical SystemdNew York:
zi(rT/R, k) 1) Wiley, 1970. / Yo ’

: [16] J. Zander, “Distributed cochannel interference control in cellular radio
: systems,”IEEE Trans. Veh. Technolvol. 41, pp. 306-311, Aug. 1992.
Ty (rT/R. k—Q+1) [17] J. H. Winters, “The diversity gain of transmit diversity in wireless
systems with Rayleigh fading,” iftCC 94 vol. 2, pp. 1121-1125.
where i'ib(TT/R; k) = Hib(TT/R)‘/Pbéb(k)- Then the re- [18] B. Widrow and S. Stearnsidaptive Signal Processing.Englewood

; ; ; ; ; Cliffs, NJ: Prentice Hall, 1985.
ceived S|gnal at theth receiver is represented by [19] S. J. Orfanidis,Optimal Signal Processing: An IntroductionNew

G:(kT +rT/R) = ZWbHXib(TT/R, k) York: Macmillan, 1985.
b

Xib (7’T/R, k‘) -

[20] F. Rashid-Farrokhi, K. J. R. Liu, and L. Tassiulas, “Transmit beamform-
ing for cellular wireless communications,” iRroc. 31st Annu. Conf.
+ 7 (KT +7rT/R). Information Sciences and Systen€ISS-97), Baltimore, vol. 1, Mar.
o ) 1997, pp. 92-97.
In order to make the decision, we average the receivexd] , “Transmit and receive diversity and equalization in wireless
samples, ie., networks with fading channels,” ifPfroc. GLOBECOM'97 Phoenix,

AZ, Nov. 1997, vol. 3, pp. 1193-1198.
Zi(k) = > 5(kT +rT/R)

=33 WX (rT/R k) + Y (kT + rT/R)
— & -
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