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Abstract— This study extends recent work on using adaptive I. INTRODUCTION

phase fluctuations to enhance multiuser diversity in the downlink
of a cellular network. Feedback at the base station is limited and
Rayleigh fading is assumed.

Our main findings are presented along three main axes.

First, we study a single-cell environment with adaptive fluc- ~ The concept of multiuser diversity is central to this paper
tuations induced between multiple transmit antennae at the and may be described as follows. It is reasonable to assume
base station. Phase fluctuations of three transmit antennae are that the channels between distinct users and a base station

induced based on a two-dimensional mapping of their relative ; : : .
phases. A one to two dB improvement of the performance is fade independently. If the base station has informatioruaibo

obtained over the two-antennae case. For two transmit antenreg € chann_el_ quali'Fy, it can take advantage of this indemmle
we also investigate another two-dimensional problem by jointly to transmit in a given time slot only to the user with the best

varying the phase difference and power allocation between two channel. This is the multiuser diversity effect.

antennae. Our simulations show somewhat surprisingly that an ] ] o ) )

equal power-splitting with adaptive phase fluctuations provides  This concept has its roots in information theoretic resasts

better performance than the joint strategy. follows. First, Knopp and Humblet [1] showed that in the case
Second, we take into account the effects of intercell inter- of a single-cell uplink with multiple users communicatingeo

ference. The impact of neighboring cells using the same trans- ,; . : :
mission frequency and executing the same adaptive algorithm time-varying channels, an optimal strategy from a capacity

is accounted for. A simple model is studied by considering a POINt of view is to receive data at any given time only from
single interfering cell with parameters chosen to account for the user with the best channel. Assuming that the channels ca
the power of the six nearest interfering cells. Our simulations be perfectly tracked at the mobile users and the base station
and analysis probe the consequences of the fact that intercell Tge [2] showed that the total downlink information capacity

interference noise is burstier than thermal noise. We find that . . .
multiuser diversity is more effective against interference than can be achieved by transmitting only to the user with the best

against Gaussian thermal noise with equal power. However, the Channel at any time. Viswanath et al. [3] proposed to further
interfering noise tends to become Gaussian when the number improve the performances of [2] by inducing fluctuations
of interferers increases. The performance is also observed to through the phase variation of an additional transmit araet
bte ti_nser\r/\s/iti\;e ttr? the ph_gse variatio(rjl ftr_?tggy Cg :he ir}t‘?rfertir?g the base station. They studied this phenomenon in the case of
station. We further consider a more detailed model involving the < thic i ot ;
simultaneous simulation of the six nearest interfering cells,gwith complete fegdbac.k. this |s'called opportunistic beamfngnl
users randomly distributed in the cells. The same signal is transmitted though both antennae with the
Third, faimess issues are taken into account. We observe that phase difference being varied randomly. The use of multiple
faimess decreases throughput but we still observe a multiuser antennae enables large and fast channel fluctuations, Bven i
diversity gain. slow fading or little scattering environments. Moreovdrist
L Keywords - Wireless communications, Rayleigh fading chan- requires no more signal processing than the one-antenea cas
nels, multiuser diversity: multiple antennae; propagation; intercell It is therefore easier to implement than techniques based on

interference; power control; Monte Carlo simulations; fairness Space-time processing or smart antennae.
mechanisms; scheduling algorithms; . S
949 In this paper, we extend the work of [4] by considering
1This work was supported in part by the National Science Fatiod under a two-dimensional search which can be applied to phase

grants NSF CCR 99-79381 and NSF ITR 00-85929. A shorterarersi this — f)ctuations of three transmit antennae or joint power-phas
paper was presented at the IEEE Vehicular Technology Cencer Dallas, fluctuations of two transmit antennae. We also address the
Fall 2005. This work is based on the M.S. thesis of the first@ytcompleted :

at UIUC. issues of intercell interference and fairness.



II. MULTIPLE TRANSMIT ANTENNAE WITH ADAPTIVE °r
PHASE FLUCTUATIONS IN ONE CELL

A. Brief description

The system is composed of a central base station with
N transmit antennae anfl’ mobile users. The same signal
with different phases is transmitted by the transmit ardenn
The presence of more than one antenna at the base station 2t
introduces additional paths between the transmit anteande
the considered mobile user. This results in changes in the
interference pattern, i.e., the combination of the sigrathg
can either interfere constructively or destructively. Byntrol-
ling the phases, we can thus create constructive intexderen
resulting in a higher Signal to Noise Ratio (SNR). Fig. 1. Golden-ratio mapping.
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B. System model

The base station and the mobile users communicate oVéwey are both functions of the channel coefficients and are
time-varying fading channels with additive white Gaussiaconsequently time slot dependent as the channels are time-
noise (AWGN) channels. Time slots are indexed lbyThe varying.
channel coefficients are treated as constant during a tiate sl By inducing fluctuations, our goal is for the phases to spend
of fixed lengthl. The coefficienth;; is the channel gain most of the time around thgood regions of the joint-space
between the usek (1 < k < K) and the transmit antennawhere SN Ry, o (I) is high so that we can ensure a good
i (1 < i < N). The random variablegh;;) are assumed average througﬁqput on the long run. As the base station is
to be mutually independent and circular symmetric complenly aware of theSNR and not of the individual channel
Gaussian with mean 0 and variarie?. coefficients, it does not know the optimal phase values but

The transmit antennais allocated a fractiom? of the total needs them to move around the complete sqi@r2r]” to
transmit power, which is assumed constant, and transmitstiack them efficiently. A largelSNR* (1) results in ¢, (I);
slot! the signalz (1) ; (1) e7%(), where the phase®;),<i<x 64 (1)) dwelling longer in the good regions of the phase space:
are being varied as per our strategy further described. \tWee trajectoryslows dowrand the transmission takes place at
assume Rayleigh fading commonly used for mobile users anhigher rate. A large value of is only good in the vicinity
urban areas, as well as Gauss-Markov time evolution. of the optimum. Therefore, a careful choice®flinked to the
choice ofy can somewhat mitigate the negative effect in bad
. . ) _ regions of the phase.

Each time slot consists of alternate test and service period |, the case of two antennae with equal power split, the

First, the mobile usek records its received SNR as per:  gearch for a good phag is one-dimensional. Since we are

C. Service model

N 2 considering three antennae with equal power split, a two-
SNRy (1) = Zh“@ (1) o (1) 7% D) (1) dimensional sampling technique is needed. To avoid large
i=1 phase jumps, (3) uses a one-dimensional trajectory tegtniq

whered! is the relative phase between anterirend antenna Which rapidly fills out the two-dimensional phase space. The
1,i.e.,0/ =6, — 6;,1<i< N and feeds it back to the bases@mpling technique used which we cadlden-ratio mapping

station, which then serves the strongest SNR user. enables us to go through all the possible value®’ofvhen
64 circles repeatedly througl; 27]. The dense and uniform

D. Case of three antennae at the base station coverage of0; 271] x [0; 27| stems from the irrationality of.
The scheme used for controlling the phase differerées This is illustrated in Fig. 1. The plot has been done figr
04 in our study is given by the following update equations: circling 5 times around the intervgo; 2x].

b2 (1+1) =0, (1) + 926 (I) mod.2m @ E. simulations and observations
0% (1+1) =045 (1) + Ab (1) mod.2m (©)] _ . ) _
We present simulations for Rayleigh fading and low SNR
where¢ = %ﬁ and regime and two values of the Gauss-Markov parameter
A6 (1) = Beap (—vSNR* (1)) 4) We take the throughput to be proportional to SNR, which is

reasonable if the network is operating in a low SNR regime.
Here SNR* (I) = maxi<y<x SNRy (1), and B and~ are A larger value ofa corresponds to a faster time variation
parameters of the system which we determine by an off lind the channel. In the simulations, the optimal values of the
joint-search. Given the knowledge of the channel coeffisienparameters B ang are found by an off line search through
there exist optimal values of, and 6, maximizing the the joint space of B,~), such that the average throughput per
throughput and corresponding to the beamforming situatidime slot is maximized using these parameters.
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0.1 dB. However, when the evolution in time of the channels
is slower, for example: = 0.99, the improvement is nearly

1 dB. Hence in this case, having three antennae at the base
station offers a slight improvement in the performance.sThi
improvement increases as the channel gets slower.
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F. Further investigations and simulations in the case of two
antennae at the base station: joint time-varying powersggha
allocations

The study is done in the case of two antennae at the base
P — station. We investigate now the effect of a joint variation

Number of users in time of the power allocation and the phase fluctuations
on the performance of the system. This issue is of interest
because a joint variation of the power splitting and the
phases may possibly improve the performance compared to
an equal power splitting. Indeed, some upper-bounds on the
performance in the case of joint control of the phase and powe
among the transmit antennae are presented in [4]. The dptima
performance corresponding to the upper-bound is obtaiged b
beamforming to the best user and is based on the Cauchy-
Schwarz inequality.

In the previous subsection, we introduced a two-dimens$iona
search through the phase space in order to track the optimum
phase configuration. The power was allocated equally among
the three antennaea? = o3 = o3 = ;. For two antennae,

~
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Fig. 2. Adaptive scheme for Rayleigh fading in the low SNR magji case
of 3 antennae.
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2 OPEN LOOP PERFORMANCE 1 there is only one phase difference to consider. We therefore

{7 ADARTIVE SCHEME, FASTER CHANNEL, 2= 0.9 consider introducing a second dimension corresponding to

y - . L s 7 Ta— a time-varying power allocation, using a scheme similar to
Number of users the one presented earlier and based on the golden ratio.

Our approach is based on the fact that as in the previous

section, we will look for a two-dimensional search trackihg

optimal configuration and spending as much time as possible

in its vicinity. The scheme will be based on the golden-ratio
Fig. 2 illustrates the performance for three transmit afapping introduced previously with some slight modificatio

tennae. We observe that the adaptive scheme offers a g6b@ toa being defined ovefo, 1].

improvement of the performance in comparison to the open-For two antennae at the base station, the phases and the

loop performance wheré, varies randomly without any usepower allocation corresponding to beamforming to the éser

of the feedback. The gain is around 3 dB in the case of a slée given by (the time slatis omitted for clarity purposes)

Fig. 3. Performance of the adaptive scheme for Rayleigh faulirie low
SNR regime, comparison 2 antennae/3 antennae.

channel ¢ = 0.9) and 1 dB in the case of a faster channel Ih |2

(a = 0.99), uniformly over the number of users from 2 to ol = % (5)
20. It is also noticeable that beamforming, where we have (g™ + [P |

optimal phase and power splitting or optimal phase and equal 2 |h2k|2 6
power splitting, offers better results: 1 to 2 dB more, which @2 = \h1kl2 + |h2k|2 ©)
is logical. However this requires a perfect knowledge of the

channels, which is typically unavailable. We also obseha t and

a slow channel where has the value 0.99, for example 0, = —arg (hyy) 7)
corresponds to a higher throughput than a faster channebwhe 05 — — arg (hay) ®)

a equals 0.9. This is due to the adaptive scheme having enough

time to adaptitself to the values of the channel, and thus tahereh;;, is CN (0, 2032).

find a better value for the control parameters. Moreovesg thi The computation of th& N R requires only the knowledge
shows that even a small decrease in the value adn provide of o? andd), = 6,—6;. We can show that under the assumption
a good improvement of the performance. Fig. 3 compares the distribution ofh;, o2 is uniformly distributed over
the performance for two transmit antennae (one-dimenkion@ 1] (see Appendix | for some explanations) and thus has
search) and three transmit antennae (two—dimensionadrs)earmean%. As previously, our mapping must be able to efficiently
We see that for a fast channel corresponding to a = 0.9, tinack the optimum in the two-dimensional space. We theeefor

performances are not really improved: the gain is only aloumnse a mapping betwee#, and o? such thata? spends
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Fig. 4. Plot of the parametric functiogs (u) over0 < u < 1 for 8 =
1,2,3,4,5. Fig. 5. Performance of the adaptive phase-power splittir®e in a low
SNR regime in the case of Rayleigh fading (2 antennae).

time around% which represents the situation of equal power
splitting, namely
ai = gp (u) )

where S is a real number{ > 1) and gg (u) is defined as

95 (u) = % (1+(2u—1)|2u—1\f’*1). (10)

A larger 3 biasesa? closer to% as in illustrated in Fig. 4. The TarILE -
parametep is chosen so that we obtain the best performances.

The variableu is mapped through a golden-ratio mapping
to 0/:

01(+1)=0, 1)+ A0 () (12)

u(l+1)=wu(l)+ ¢A0 (1) (12) BASE STATION
where

Af (1) = Bexp (—ySNR* (1)) (13)

Fig. 6. Cells with a frequency reuse éf.

Fig. 5 illustrates this situation for a lo&@N R regime in the
case of a Rayleigh fading and a slow channel wheze0.99.
The mapping is described by the value of the paramgter. i ) i
which is taken to be equal to 2 or 3. It is a measure of tHateract with the one considered, affecting the perforreanc
speed of the trajectory around — 1 In this section, we address the issue of intercell interfese

Typically, the curve forg — 2 séénds more time aroundThe model is a combination of probability distributions and
it so it sh,ould give better results thah = 3. We observe of a geometric point of view through a path-loss model. Cells

that a time-varying golden-ratio power splitting mappirags € modeled as hexagons of radiisand the studied cell is

not improve the performance of the scheme on the long terﬂ.ﬁnoéec\ilvcell 0. Qd“r ap?roach is based c;n [5] and |Ilus(;[_rr?ted '
on the contrary, it degrades performance. Thus, it seents IF}Q' : icon(s;d_e_r a Irequency_reuse acto;egua}.t e
an equal power allocation among the antennae offers a bet@iPWing key additional assumptions are made:

performance. « Each base station has two antennae and is located at the
center of its cell.

« During the time slot where a given mobile user in cell

o ] 0 communicates with the base station of its cell, the

A. Description of the model, key assumptions interfering base stations transmit at the same time, i.e.,
As seen in the previous section, no intracell interference we have a synchronization of the time slots.

has to be considered as only one user is served per time slot The path-loss follows the empirical modé?. (d)

in a given cell. However, the previous downlink scheme may (d)~* whereP. is the average received signal strength at

be implemented in each of many cells. Therefore, other cells a distancel of the transmitter.

IIl. M ODELING THE INTERFERENCE OF NEIGHBORING
CELLS



This last formula can for example be found in [5]. Itstation and given the channel gains) is thus given by
shows that the average received signal strengthat any

2
point at distanced decays as a power law of the distance ©) ‘U,go) (l)‘
of separationd between the receiver and a transmitter. Th&IN R~ (1) = : ——
path-loss exponent is chosen equal to 4 because we consider Y ay (1) ’UIEOJ) (l)’ + Pihermainoise/ P
a crowded urban environment. (16)

The interference is generated primarily by the six nearestA Value for the ratiofteczmstneice js determined as follows:
interfering cells using the same frequency (corresponding We take a referencé N R, denoted bySNR,.; computed

the first layer of interfering cells). These cells are dedatell When no intercell interference is considered, and there
1, ..., cell 6. is only one antenna at the base station. Namely,

©) y|?
hie (D

For each usek of cell 0, the interfering signal from cell E[
. o : log | g
(1 <j <6) is simply taken to be a signal of the same natu Pipermatnoise/P

as the desired signal from the base station in the same cell 9
but with an attenuation factcngm chosen according to the Since‘hﬁ) (l)‘ is exponentially distributed with parameter

. . 4 . . . .

path-loss previously mentioned, i.e"?) = (d,(f])/déo)) , 3,7 this brings, assuming a nominal valSeV R,..; = 5dB,

Pf’f“l" = 29 as the thermal noise is assumed to be
Gaussian. We have finally our simplified model:

= SNRy.;.

where forl < i # j < 6, dgjj) is the distance from a usér
in cell ¢ to the base station of cefl and d,(j) is the distance
from a userk in cell 7 to its own base station.

Extending the notations of the previous section to the con- ‘U,go) 0]
text of six interfering cells, we adopt the following notats SINRECO) (1) = — : — 5
for 1 <i#j<G6: SI=0a®™ (1) \U,g‘m (z)’ + 22

; 2. . .
« [z (D] is the total transmit power of the base station This expression has been obtained for two antennae per
Of(ise” (al tlm(ei)-slotl . ' base station. A similar expression for any number of trahsmi
« a; (I) and ay” (1) represent the allocation of powergntennae at the base station in each cell can be easily etain
among the two transmig antengae of the base station of
cell i in time-slot/ : agz) + a(;) -1 B. Fairness, delay of the scheme

. h(l’k) (1) and hgzk) (1) represent the channel coefficients In our context, the resource is the amount of data and
between the usek in cell 5 and the transmit antennathe competing users are the mobile stations in a given cell.

1 (resp. 2) of the base station of ceélin time-slot! . In a multiuser diversity scheme, only one user gets all the

. ﬁgl’kj) (1) and ﬁgkj) (1) represent the interfering channefhroughput in a given time slot. The chosen one is the one with
coefficients between the uskrof cell i and the transmit the bestS/NR. This approach is beneficial to the throughput

antenna 1 (respectively 2) of the base station of ¢éfl  [1], but does not ensure fairness. Namely, in our scheme, a

’ 2

17

time-slot 1. small number of users with the best channels might receive
« 0% (1) is the phase difference between the two transniost of the throughput, whereas the others will be deprived
antennae of the base station of celh time-slot!. of data. The approach is not relevant in the context of delay-

) 0) , , limited data where we want the mobile users to receive their
A random variablel/, " refers to the desired signal for a USefespective datas in a reasonable amount of time.
.k: in cell 0. It is defined as follows for two transmit antennae generalized definition of fairmess has been introduced
in cell O: in [6] by Mo and Walrand. It presents a family of utility
©) ©) ©) ©) ©) L)) functions, parameterized by a nonnegative paramet@rying
U (1) = hiy) (1) ed” (1) + by (D) oy (1) €7D (14)  petween 0 and-oo. A large value ofe promotes equality of
throughputs and. near zero promotes maximizing the sum of
Each random variablg(*”) (1) refers to the interfering signal throughputs. The family of functiond, (x)),,, is defined
from the transmit array in celj to the userk in cell 0 and for a givena by [6]:
is defined as follows for two transmit antennae and adaptives If o = 1: U, (z) = log (z)
phase fluctuations in ceji: « Otherwise U, (z) = *11::
o o _ e , o In our study, for a given cell and a given time-slot, our
O (1) = b (1) o (1) + b (1) oF” (1) €77 (1) (15)  fairmess approach will be based ((mfa (T,gﬂ (l)>)1<k<K,

he b . h h | where T,ii) (1) is the average cumulative throughput through
We assume the base stat.lo’ns ave ,t 2e same gota POWSEr & of cell 4, until time slotl, defined as follows:
hence, we suppose that for< i, j < 6: [z(V|” = [z0)|" = P .
where P is a constant. Th&§INR in the time slot! for the T]gi) (1) = 7 Zf (SINRz(f) (p)) (18)

served mobile usek in cell O (for two antennae at each base <l




where the sum is limited to the slgtssuch thatt*(*) (p) = k, we discuss in the next section. By considering only one cell
i.e., to the slots wheré is the chosen user in cell(as per instead of the six nearest cells, we expect to simplify theeho

our strategy described below). and overestimate the burstiness of the interference ndise.
o In the low-SNR regimey (z) = . adapt the general notations introduced in the previousosect
« In the high-SNR regimef (z) = log (1 + z). to this simplified model as follows: the cell that we study is

The userk selected for downlink in cell slot{ is k*® (1): called cell 0 and the interfering cell (called single inezer
or supercell) is represented by the indgx

O (1) = arg max f (SINR,?) (l)) U, (T,gi) (l)) : We evaluate the performance of multiuser diversity with
1sksKi (19) @adaptive fluctuations for three strategies in the intenfpdell:

The choice (19) is the one maximizing the aggregate util- * Case 1: only with the thermal noise due to the noisy
ity, sz:il U, (Tlgz) 1+ 1))’ as predicted by the first order channel between the transmit antenna and the receiver:

increase based on Taylor's theorem. The choice (19) can be we do n.ot gonS|der.the impact of othe'r cells. .
: ; 2 ) « Case 2: with a mixture of the previously mentioned
written using the definition o/, (x) as:

thermal noise and intercell interference requiring vasiou

_ ¥ (SINR,(j) (l)) levels of detail. . _
@ (1) = arg max ——— 2 (20)  « Case 3: with a thermal noise which has the same total
IsksKi {T,ﬁl) (l)} average power as the mixture.

' . 5 The first case does not consider the dependence between the
Consequently, the selection of the mobile usg? (1) is based performances in distinct cells. A comparison between the pe
not only on the instantaneous quality of its channel, bui @f$  formance in the second and third cases will determine whethe

the amount of throughput it has been able to receive. Silyiilarthe thermal or the intercell noise degrades the performance
we slightly modify (4) so the phase difference spends magfore at a given noise power.

of the time ingoodregions of the phase space, which corre-

f(SINR(i) (1)> A. Choice of the parameters
spond now to high values af*( (1) = = ®w 7/ Within our simplified model and using the notations of last
T;i)(i)m(l)} section, theSIN R of a userk in cell 0 and in time slot is
Therefore, the phase jump in ceéland in slotl is determined given by
as follows: SINRI(;)) (1) =
i *(1 2
A#* (1) = Bexp (—fya (@) (l)) . (21) h,gfg(zmg“)(z)+h§;>(z)a;“>(z)ej9(°><l> (22)
The steps are therefore the following: A,(f“(z)|Z§‘,’f>(z)a<ls>(z)ﬁ{gf)(z)ags>(z)eje<s>m|2+%
* '(I'lh7e) SINE of a mobile userk is computed based OnwhereA,(cOS) (1) is a coefficient which is chosen to account for

. The chosen uset*® (1) in time slot! and in celli is the mean interference from the interfering cell to tié user

chosen based on (20) to account for fairness. in time slot/.

. . As we study a worst-case situation and in order to have
« The phase fluctuations in each of the seven cells are based . .
a computationally tractable model, we decide to choose

on (21). _ _ A9 (1) without dependence dnand!. We choose a geomet-
Note that the valuex = 0 in the above faimess schem&;c 5 nroach to obtain the interfering coefficients corcesp

c_orresponds to the approach _(taken_ln_ t_he previous SUbSﬁ‘@' to the worst position in cell 0. Neglecting the influende o
tion), where the only concern is maximizing the throughpu{he thermal noise, the signal-to-interference rdfd R) can

Choosinga = 1 corresponds to proportional faimess [7lpe computed through simple geometrical considerations:
whereas choosingy — +oo corresponds to a max-min o For a user on the middle of one side of ceIIﬁ—P"W =

fairness approach. Ly ) ) i Pignal
52 + 132 + 572 + 352, SO the average signal-to-interference
IV. INTERFERENCE FROM ASINGLE FICTITIOUS CELL ratio SIR, defined bylolog(lfsig"a’) dB, is around 15
interf

Limiting our network to only two cells is part of an dB.
attempt to capture the main features of inducing adaptivee Similarly, for a user at a vertex, the averagé R is
phase fluctuations at the network level through a basic, low- approximately equal to 12.5 dB.
complexity model. The main simplification stems from the The user at a vertex has a smalf&fR than the user on the
fact the two-cell system is self-sufficient, in that each leé t middle of one side and presents indeed the worst position on
two cells is the only interfering cell affecting the othereon the border of the cell as far as ti# R is concerned.
Hence, studying the adaptive phase strategy in each cedl doeWe setAECOS) (I)=0.1for1 <k < Ky in (22). This means
not require any information other than the interfering atela that the interfering signal is attenuated on average 10 dibe
and the value of the phase in the other cell. Considering ttiee desired signal. We tend to overestimate the power of the
phase-adaptive algorithm running simultaneously in sterin noise obtained by the geometrical model because we study a
fering cells presents some computational complexity whickorst-case situation.



B. Simulations and observations 2) Adaptive fluctuations for two antennae at the base sta-
1) Single transmit antenna at the base statidret Vk(O) _ tion: We simulate adaptive fluctuations in both cells z_it the
©) | ~(5) ~08) /|2 . same time, the update of the phase in one cell affecting the

‘hlk (1)’ andV,™ = thk_ (1)| represent respectively the,,,yate in the other cell through the value of HiEN R and

power attenuation in the signals sent from the base stationghnsequently, the choice of the served user. The perforenanc

cell 0 and in cell5. These random variables are mutuall)ll indes studied in cell 0 as a function of the numbers of receivers
pendent and exponentially distributed with paramater 52=. i, in cell 0 for many given values ok (number of mobile

They are also independent across the ugelny assumption. jsers in cells).

The SINR for mobile userk (1 < k < Ko) in cell 0 takes  The simulations are shown for low§NR regime and

therefore the simplified form in the three cases mentionnm}weigh fading. As a benchmark, we also simulate the case

above (the subscript 1 and the time sloare omitted for \here adaptive phase fluctuations are induced in cell 0 but

convenience): another phase strategy is used in cell
Case 1: o « The phase does not vary adaptively in c€llbut has a
0 AV ) fixed value.
SINR,” = —i— (thermal noise only) ~ (23) | qpe phase in celb varies randomly at each time slot.
V1o « The phase in cellS has a deterministic evolution; it
Case 2: increases by a fixed increment at each time slot (rotates
© /\Vk:(O) ' _ around the trigonometric circle).
SINR," = —— =g (thermal noise and inter ference) , Only thermal noise is considered (célldoes not exist)
v T ioVk (24) yielding the simplified expression
2
cose 3 o [P @al @)+ h @ e o
o AV ‘ , SINRY (1) = -
SINR,’ = —  (equivalent thermal noise) (25) V1o
Vo T 10 (26)

« We replace the thermal noise by additive Gaussian ther-

The performance is given bynaxlngKOSINR,(f) (1), mal noise: hence

where K is the total number of users in cell 0. The average )
performance over an infinite time-horizon can be computed hg?c) D)l (1) + hg,? () o (1) €390
in the low SNR regime byM = Emaz<i<x,SINRY, SINR (1) = TR

where SINR,(CO) takes one of the three above forms (23)- o*(1 + ﬁ)

(25) depending on the nature of the noise in each case.

We want to compare the performance in these three cases
and a simple way to do it is to indicate the rate at which
M grows for large values ofy. From a practical point of
view, this approach only gives a rough idea of the perforrean

(27)
This is simply obtained by multiplying the performance
in absence of interference by the coeffici@rits9.

In Fig. 7, we further see that increasing the phase by
gxed increments in cellS at each time slot does not affect
g”ne performance. Thus, keeping a fixeéd) in cell S gives
number, usually less that. similar results. We ol_)serve also that t_)etf[er perfo_rmantﬁes o]

Let 1 < i < 3 specify the index of the case considered. Fpe scheme are obtained When there is mt_erce_ll interferenc
can be shown (see Appendix Il) that: noise rather than when the interference noise is replaced by

an equal power Gaussian thermal noise.

A

o My~ 1y N V10log Ko In Fig. 8, we see that the performance in cell 0 is not

o My~ Ry =+/101log K affected by the number of users in cefl when adaptive

e M3~ R3 2 1@ log K fluctuations are made. The phase strategy in the interfering
vio ) cell does not seem to affect the performance in cell 0 as a

. o . % - aye ) > . .
where we writeM; ~ R; to meang: — 1 in probability deterministic or a random strategy yields the same results.

as Ky — oo, i.e., for anye > 0, P(]% -1 >e) — 0 as

V. INTERFERENCE FROMSIX NEIGHBORING CELLS
Ko — OQ.

Note thatR, = R», so thatthe addition of intercell interfer- A Introduction and motivation

ence does not decrease the throughput at all, in an asyroptoti In the previous section, a simplified interference model
sense.Iln the next section, this is born out in simulationdbased on a single fictitious interfering cell and a worst-
for even moderate numbers of users. In comparig®n,is case approach is introduced. The single interfering cell is
smaller thanR; by —10log;, ﬁ ~ —1.2dB, so that if first assigned an average interfering power equal to the tota
the intercell interference were replaced by white noiséwie interfering power of the six neighboring interfering cellhe
same power, there would be loss in throughput. Though tepproach is further simplified by upper-bounding the averag
difference 1.2 dB is moderate, it could be larger in scesarimterference noise through a worst-case situation. Spatifj
with stronger intercell interference. an average attenuation of 10 dB for the interference noise



NO INTERFERENCE FROM CEL]
ADAPTIVE FLUCTUATIONS IN CELL S

FIXED e‘s’/ y

FIXED INCREMENT,

RANDOM 6 ) INTERFERENCE FROM CELL S
REPLACED BY THERMAL NOISE WITH
SAME POWER

SNR of served user]/E[SNR of 1 antenna]

L
16 18

s s 0 1 14
Ko : number of users in cell 0

Fig. 7. Performance in cell 0 in presence of interference bf€elow SNR
case, Rayleigh fading, Gauss-Markov evolution (slaws= 0.99), adaptive
fluctuations in both cells (two-antennae case), use of uarffhase strategies

in cell S. Fig. 9. Layers of cells interfering with cell 0.

‘ ‘ i. In particular, our study system is v(?) U {cell0} and for
S i such that0 < i < 6, card(v¥) = 6. We observe that for
any ¢ such thatl < i < 6, the setv contains only three of
the six nodes in set®). This means that fot < i < 6, some
¥ of the cells interfering with celi are not part of our study
2 B ,j.mnm,.se,epmedbymm,m system. Therefore, considering adaptive phase fluctuaiion
! each of the elements ofthrough (17) would involve modeling
interactions with cells that are not part of

T T T T
thetaS fixed in cell S (no adaptive phase fluctuations in cell S)

SNR ref (only themmal noise) = 568 \
12 \

\ -
) PN z
2\ 7

=
@

all plots: SNR in cell O for No varying

©
T

group of plots: various # of users in cell S

E[SNR of served user]

L/ adationto me permarose | This situation is illustrated in Fig. 9. For clarity purpsse
g'//// st piot e o ot  rpcasy sy we have only plotted the cells where the transmission fre-
77?// th:_r{gtafalrt‘;;ei?nalnols?hlatslhesamepowerasthecumu\allve - quency |S fl. We dO have Ce"s Wlth Other traﬂsmISSIon
v noise for the group of plots .
' frequencies so that the frequency reuse factor (equ%)to
& . . s T T 7R TR 1 is respected. The central cell is cell 0; the cells with waiti

No= fusers incell stripes correspond to the first layer of cells interferinghwi

cell 0, i.e.,v(©; the cells with horizontal stripes correspond

Fig. 8. Performance in cell 0 in presence of interference df Selow {4 the additional cells interfering with cells 1-6. i.e/i=6,(%)
SNR case, Rayleigh fading, Gauss-Markov evolution (slaws 0.99), use 9 18y

of adaptive fluctuations in both cells (two-antennae cas@)jpus number of —{cell 0} . . . .
users in cellS. To limit our simulations to the cells iw, we think of two

feasible possibilities:

. . « We consider the model of (17) for cell 0 and open-loop
is chosen. Consequently, from the total interference-powe phase strategies for each cellli € i < 6).

point of view, cell S represents in a fictitious way the real We consider the model of (17) for cell 0 and we proceed

interference from six cells. _ as follows for the interfering terms of cell where
We now present in detail the practical aspects of the general | -, 6: As the interfering noise for a user in cell
model with six interfering cells introduced at the begirgqif i is composed of six terms, we multiply by two the

this chapter. Phase fluctuations are induced between teultip i iarference from the three interfering celisif?) N1/
transmit antennae at any given base station based on the ;.4 hoose it as the interfering term. This yields the
pseudo-random control scheme introduced earlier and using following formula for userk in cell i wherel < i < 6:
incomplete channel-state-information at the transmitter -

. 2
(4)
B. Choice of the number of cells in the model SINR® (1) = ‘Uk (l)‘
k = . P 2
Here, we would like to consider adaptive phase fluctuations 2> icr©@mu® a,(f” (1) ‘U,EO” (l)‘ + 2\/"1%
in each celli (0 < i < 6) to quantify the impact of six (28)

interfering cells over cell 0. This involves implementing a

scheme similar to (17) in each of the seven cells. Although,

in principle, the network fans out from cell 0 without limit,

our simulation will capture only a finite set of seven cells. C. Positions of the users in a given cell

Specifically, we introduce for eachsuch thatd < i < 6 the A second issue is the position of the users in the cells. of
setv(), which is the first layer of cells interfering with cell In the simplified model involving a fictitious cell, the pasits



and simulations showed that intercell interference damhage
the performance less than an equal-power Gaussian thermal
noise and that fairness schemes damage the gain of multiuser
diversity. Further work could involve:

« Considering other fading models (Ricean fading for ex-
ample)

« Finding optimal values (for some criterion) of the para-
meter « introduced in the fairness scheme to achieve a
given trade-off between performance and fairness.

« Taking into account the movements of the users in a given
cell.

: . TR v « Building a more consistent model for the impact of the
Kq: number of users in cell 0 interference of other cells.

. . o _ To conclude, we can mention the fact that multiuser diversit
Fig. 10. Performance in cell O for six interfering cells, loWNI® case, . irel ks i | . f hi
Rayleigh fading, Gauss-Markov evolution (slow:= 0.99). Use of adaptive [N WIréless networks is currently a topic of much interest. |
fluctuations in cell 0 and open-loop phase strategies in theraells (two- is already used in the downlink packet scheduling algorithm
antennae case). for Qualcomm’s High Data Rate (HDR) system which is
optimized for data transfer. It has also been shown recently

to greatly increase the throughput of mobile ad-hoc netaork
of the users do not matter because a worst-case model an delay tolerant applications [8]
e

removes the dependence of the model on the positions of t
users is considered. In this section, we improve the pi@tisi APPENDIX |

of the model by considering for each userin cell i the UNIFORM DISTRIBUTION OF THEPOWER ALLOCATION
interfering variable coefficients.” for j € (@ Ny related ~ OVER[0;1] IN THE SINGLE-CELL BEAMFORMING CASE

to its position. We consider uniformly distributing the giv A Comp|ex Gaussian random variablg, with mean 0 and
number of users over the cell. We can then compute thgriance2s2 is equivalent toh;, = ai, + jbix Where a;

»—\
T

E[SINR] of served user

interfering coefficients for all these positions. andb,;, are independent identically distributed: Gaussian with
D. Simulations and observations mean 0 and variance?. Under these assumptions, we know
' that /|h?| has the Rayleigh distribution with parameter

The plots for adaptive phase fluctuations and six intererin;2, implying that |h2,| has the exponential distribution with
cells are presented in Fig. 10. We have considered the casqg,@ffameter#_ Using this fact and the mutual independence
open-loop phase strategies in the interfering cells (spoad- of ’hm and |h§k” we can then easily show that? is
ing to the first of two feasible strategies presented presiou uniformly distributed over0; 1].

Rayleigh fading, and low SNR regime. The plots are done for

different values of the parameter As expected, we observe

that the performance worsens wherincreases. APPENDIXII
PROOF OF THEGROWTH RATES FOR ASINGLE
VI. CONCLUSION INTERFERINGCELL

In this paper, we presented a scheme using multiple antenFirst note thatAVk(O) and )\V,C(S) are independent Exp(1)
nae with adaptive phase fluctuations to enhance the downlitadom variables.
of a cellular network. We first showed that the performance, Cases 1 and 3: We know thatari<j<, X; =
could theoretically be improved by adding antennae at the Y7  1X, where (Xj)1<;<, are independent

=17
base station and inducing adaptive phase fluctuations batwe Exjp(l)J random variables.  Applying this result to
Fhem. However, the fea;ibili';y of the sch.eme has t_o be taken ()\Vk(o) in case 1 and taking the expected
into account for a practical implementation: there is adrad 1<k<Ko Ko 1 _
off to achieve between the gain in performance and the Value, we obtain:M; = V103 7% ;. Using the

practical difficulties that can arise from managing a large well-known resuIth:”l% ~ log Ky as Ko — o0,
number of transmit antennae. We then considered jointly the result is shown for case 1. The result in case 3 is a
inducing phase and power fluctuations between the transmit direct consequence.

antennae. A scheme with only an equal power allocatione Case 2: Note that for a given> 0:

and adaptive phase fluctuations between the transmit aagenn Ko

was found in simulations to have better performances than p( max SINRI(CO) > c) -1 (1 _ ‘L(KO’C)>

the joint adaptation. We finally considered the impact of the 1sk<Ko Ko

: : : : (29)
interference of neighboring cells, first through a modelellas B 0) (0

on a single interfering cell, then through a more detailedieho wherea (Ko, ¢) = KoP (SINRk > c) and SINi%k
based on the interference of six neighboring cells. Analysi is given by (24). Using the fact tha}ﬂ/k(o) and AV,fS)



are independent Exp(1) random variables, we obtain the

following:
a(Ko,c) = KoP [V >c L Age
’ o= 10 10°F
+ee —('(L-&-iv) —
:KO/ e \Wi0 "107 e dy
0
_ e—fro[ KOC} (30)
1+ﬁ

Let € denote a real number such that< e < 1. Using
(30), we obtain:
K €
a (Ko, (1+VIDlogKo) = ——pr-——A3D)
1+ mlogKo
K —€
o (Ko, (1-€)VI0logKo) = ——o——(32)
1+ mlogKo
Note that a (Ko, (1+¢€)v10logK;) — 0 and
a (Ko, (1—¢) \/ElogKo) — +4oo as Ky — +oo.
Therefore, using (29) and combining it with
(318 and (32) respectively, we obtain that

P (max; <<k, SINR;O)z(lJre)\/ElogKO) )

andP (maxlgkgKU SINRI(CO) > (1 — 6) \/Elog KO) —
1 as Ky — +o0. Consideringe — 0 yields the result.
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