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Abstract—This paper addresses a power control problem be achieved [3], [4], [5]. However, the bandwidth of the
in a wireless time-varying K-user interference network. Each feedback channels is limited in practice so that the tertsina
transmitter intends to communicate to its desired receiverat a may not be able to attain sufficiently accurate CSI. It has

fixed rate. Quantized channel gains are globally availablehiirough L g .
limited feedback signals. To eliminate multi-user interfeence, in- been shown that even with limited feedback, if proper rate

terference alignment scheme is performed based on the imperfect @daptation is performed the interference alignment scheme
channel knowledge. The communication quality is affected pothe  still outperform TDMA, in terms of sum throughput [6].

channel quantization errors and interference leakage. Wepose  |n the finite-SNR region, the transmitters may exploit the
a power control algorithm, aiming to guarantee successfulrans- available CSI not only to eliminate the multi-user inteeiece,

missions of each user while minimizing the transmission poer but also to adaot their t . tratedies to fulfitad
of the network. Our results show that even with limited numbe ut also to adapt their transmission strategies 1o tulinaer

of feedback bits, by performing power control the considerd —Service req_uirements. For instance, !n a class of syst_ems
interference alignment scheme can outperform the convergnal considered in [6] given that the transmission powers aralfixe

time-division-multiple-access scheme. a maximum sum throughput is always desired. Thus, rate
adaptation is performed among the transmitters. Howenmer, i
this paper we focus on a different type of the systems where
Design of the efficient transmission schemes for wirelestsis required to guarantee that each transmitter sucdissfu
interference networks has attracted much research ihtereesmmunicates with corresponding receiver at a pre-agreed
A K-user interference network refers to a wireless netwofixed rate [7]. Therefore, it is required to properly conttiod
consisting of K’ transmitter-receiver pairs. Since all the usensowers. Certain power control techniques are proposed]in [8
share the same radio resources, the reception at each[9¢-and [10] for the systems which treat the interference as
ceiver may potentially be interfered by unintended signalsoise while decoding. For the systems with multiple antsnna
Conventional interference management strategies (erge-ti at the terminals these are extended to joint beamforming and
division-multiple-access, TDMA) tend to orthogonalizecka power control in [11], [12] and [13].
user pair’s operation. This requirement leads to the faattdh Specifically, we consider a time-varying K-user interfaren
each receiver's signal space different interference $igage channel. Each transmitter intends to communicate with its
orthogonal to the desired signals and also orthogonal th eafesired receiver at a fixed rate and can obtain quantized
other. The interference is avoided at the cost of low spectehannel gains through limited feedback signals from all the
efficiency. Thus, it was believed that the performance of threceivers. We apply the interference alignment schemedbase
interference networks is limited by interference. Howe#ee on the imperfect channel knowledge to partially elimindte t
elegantinterference alignmentoncept [1], [2] reveals that multi-user interference. We propose a power control atgonj
with proper transmit signalling design, different integface aiming to guarantee successful transmissions of each user
signals can in fact be aligned together, leaving maximadly h while minimizing the total transmission power of the netior
of the signal space at each receiver to its desired signath EOur results show that even with only a small number of feed-
user may achieve half of the interference-free transmissite back bits, with proper power control the average total power
no matter how many interferers exist. Therefore, interieee requirement of applying the interference alignment scheme
networks may not be interference-limited in nature. can be lower than that of applying the TDMA scheme. Thus,
To perform interference alignment, in general the glob#the advantage of performing power control while managing
channel state information (CSI) is required to be perfectiyterference through thimterference alignmentan be clearly
known at all the transmitters and the receivers. Howevagen over thénterference orthogonalization
acquiring such perfect global CSl is a challenging problam i
practice, especially for time-varying channel environtseA
more feasible assumption can be that each terminal obtain§Ve consider a single-antendé-user interference network
only the quantized version of the channel gains throughpresented in Fig. 1. Each transmitter has independent mes
feedback signals broadcasted by different receivers. $ heages for its dedicated receiver. All the users share théumed
been shown that when the number of feedback bits is safid simultaneously transmit. We assume discrete-titoek-
ficiently large, the aforementioned good performance cidin sfading (each block contains. channel uses) channels. The

I. INTRODUCTION

Il. SYSTEM MODEL



be conjectured that using certain more sophisticated qaant
tion schemes [14] may lead to even better performance.

We deploy a two-dimensional vector quantizer to quantize
each complex-valued channel gain. The complex plane from
distancehmin up to distancehmax from the the real and the
imaginary axes, is divided into multiple equal-siz& & A)
square regions. Each region is calledj@antization celland
A is termed theguantization step sizé-or example, & N-bit
quantizer hag” x2V quantization cells and the corresponding
quantization step size i@\ = Zma-han To quantize the
interference channel gains we 9gti, equal to zero and to
guantize the direct channel gains we choose this parameter
Fig. 1. System model according to the power constraint that will be mentioned in
the next section. The quantizer maps the channel coefficient

within a quantization cell to the quantized value which is th

channel gains remain constant over each block, but changgy qint of the corresponding cell. For channel realiati
independently across different blocks. We consider tragism, .

sion over a large number of blocks. At any block index we represent this quantization process as follows:
the transmitterk (k € {1,2,...,K}) chooses its message he = Q(hyy), VE,1e{1,2,.. K} (2)
independently and uniformly from a set of si2é®* where h Pa is th ized ch | qai h iated
R, is the code rate which is fixed for all channel realizationé/N€re 7, is the quantized channe 9‘3'”' TAae assaomate
It encodes its message to a unit-power codewdraf length duantization error is denoted ag, (i.e. of; = hj; — hiy).

n. The channel output at the receiveiis given by: It [Re(hii )| < hmin OF [IM(hg,) < hmin thenhg, = 0. Since
we assume each receiver u€¥; bits to quantize its desired

K channel gains and us@¥;; bits to quantize each interference
Vi = VPRhiaxi + Y Vit 2 k=120 K (1) channel gain, the quantization ste;I sizes for the desiredren
=117k interference channel gains ang="m—"m and A =z,
wherehy, is the channel gain between the transmittand respectively. As a result, the magnitude of both the real and
the receivert, drawn independently from a complex Gaussiathe imaginary parts of the quantization error for the desire

distribution, i.e.hf; ~ CN(0, 1), py. is the transmission power (interference) channel gain is bounded%y (%)_
of the transmitterk and z{ ~ CN(0,1) is the noise.h{,

denotes thedesired channebain and the first term on the B. Transmission Scheme

right hand side (RHS) of equation (1) is the desired signal of We first provide the definition of theomplement channels
the receiverk, while hg;, for I # k denotes thenterference  Definition 1: The channels at the block indicesandb are
channelgain and the second term on the RHS of equatiaalled complementf the following conditions are satisfied:
(1) is the multi-user interference experienced by the wetei .~ .= . b o o

k. At the beginning of each block, each receiver estimatesii = hai » bij = —hi; s Vi,j € {1,..., K}, i #j. (3)
the incoming channel gains based on the training sequenges ,mem andm.. are the block indices of a pair of comple-
broadcasted by each transmitter (this estimation is asstme nont channels. Similar to the ergodic interference aligntme
be perfect). Next, it quantizes the channel gains and bEsSIC g .peme proposed in [3] we require each transmitter to send
the corresponding indices to all the other terminals usiRga same codeword during these two blocks &&.= x'"*,
error-free feedback channels. There are two quantizersv%tE {1,...,K}). Each receiver adds its received signals in
each receiver with possibly different resolutions regagdhe ase two blocks (.77 = y" +y"*) and tries to decode its

desired and the interference channels. More specificalyh € yegjred codeword. Therefore, according to the system model
receiver use2N; bits to quantize its desired channel gainy, (1) the equivalent received signal at the receivas:
In addition, it uses2/Ny; bits to quantize each interference

channel gain. Therefore, each receiver totally broaddsigts vy o= ok (2ﬁﬁ+5ﬁ+5ﬂp) X"

2N+2(K —1)Ny bits to all the other terminals. Each terminal K

reconstructs the quantized channel gains from the received +Z\/E( m+5mp)xm+zm (4)
l k -

feedback signal and tries to accordingly compute its reguir

transmission power. At the next block, since all the channel

Change independenﬂy, this process is conducted again_ The first term on the RHS of (4) is the desired Signal, we call

] o the second term theesidual interferenceandz;® = z]* +

A. Channel Gain Quantization z, " is the equivalent noise. Clearly, part of the interference
To gain an insight on the performance of applying intelis eliminated because of the complementarity of the quedtiz

ference alignment with limited feedback, we consider ugingchannel gains. However, due to the quantization errorsicert

uniform quantization scheme to quantize the channels.dt camount of the residual interference remains at the recgiver

1=1,l£k



If the quantization resolution asymptotically goes to iitfin be calculated at the transmitters as follows:

the power of the residual interference approaches zerotend t .2 R .

transmitterk can achieve the ratg, = 1 log (1 + 2|7y |?py) . (4 ‘hm +A%_4AI(’Re(hkk)‘"i"lm(hkk)‘))pk

if the codeword length: is sufficiently large and the code isSINRGr = K (6)
capacity achieving [3]. In this case, to guarantee sucakssf 2+ 20y Zl:Ll;‘ék P

transmission at fixed ratgy,, the transmittek: should transmit Therefore, the mutual information between the transmitter
with power py (h}.) = % This power control can be receiver pairk is 1 log, (1 + SINRy) and it can be lower
done at each transmitter independent of the others. bounded by log, 1+SINR§1}? . In order to guarantee

It has been proved in [3] that for the channels with @,ccessful transmission at rafe;,, the following condition
symmetric distribution (e.g. zero mean complex GausstlB), should be satisfied:

probability of finding the complement channel for any chdnne 1
realization increases as the number of the transmitteckbloc 3 log, (1 + SINR;;;) > Ry. @)
increases. Therefore, with sufficiently large number of the ] . . o
blocks for any of the block indices almost surely we can fingearly, if the transmitters compute their transmissiow@cs
another block index such that the channels are complemeittch that meet the following condition, we can guarantee the
Each receiver is able to decode its message after some d&@gdition (7):
(the delay can be reduced by sacrificing the achievable gte a 1 i
mentioned in [15]). 2 log, (1 +SIN _}?) = By (8)

To guarantee successful transmission at a fixed rate, each gfccording to (6), the condition (8) can be re-written as
the transmitters is required to choose its power accorditioet power constrainp, > I (p), where
current channel gains. Therefore, if the quantization hés i - y K

Lu(p) = (257 = D)2+ 205 302y 1 1)

nite precision, the average required power for the trarismniit
=— - -
4 ‘h;;; +2A2 — 4N, (‘Re(hkk)‘ + ‘Im(hkk)D

(9)

|21)]. This is substantially lower than
the required power of the conventional orthogonal E{rgnsimlis
schemes such as TDMA which iy (hir)] = E[%] andp = [p1 --- pk]T. Thus the rate constraints for all the
(The average required power for the TDMA would increasgsers can be described by a vector inequality:

as the number of the users increases). However, with limited

resolution quantizers the quantization errors lead to tairer p - 1(p), (10)

amount of the interference leakage. The power controle¥at \yhere the operator denotes element-wise strict inequalities.

for the different users is interrelated and thus is challemg 1(p) = [1,(p) --- Ix(p)]”, wherel,(p) is defined in (9).

In what follows, we propose a power control algorithm whichrhe power vectop is afeasible solutiorof the power control

aims to guarantee the successful transmissions with the migroblem if it satisfies (10) and the functidiip) is feasible

mum transmission power. if (10) has at least one feasible solution. Consequently, th
power control problem can be formulated as follows:

. 2Ry
is Elpk (hir)] = E[%

I1l. RATE CONSTRAINED POWER CONTROL

In this section, we first present the rate constrained power min Dr- (11)
control problem for the considered network. Next, we pr@pos

an iterative power control algorithm as a solution of thify the next part, we propose a solution for this problem.
problem.

B. lterative Power Control

A. Rate Constrained Power Control Problem In this part, first we present an iterative power control
algorithm to solve the problem (11). Next, we study the
vergence of the proposed algorithm.
) Iterative Power Control AlgorithmThe iterative power
control procedure is shown in Algorithm 1. In each iteratidn
the algorithm, the transmittet (k € {1,2,..., K}) computes
the functionl; given by (9) according td};yk and the total
transmission power of the other transmitters in the network
for the previous iteration (this power can also be compuied b
(5) the transmitterk based on the quantized channel gal?t}i’ﬁ,

Vvl # k). Next, it updates its transmission power following

Algorithm 1. If BQ; = 0, the link quality of the usek is poor.
This SINR value is random and it depends on the quantizati®o guarantee successful transmission, the transmittettchas
errors which are unknown to the transmitters. This value camnsmit with a very large power, which may also introduce
be lower bounded as SINR > SINRE-, where SINR:! can  strong interference to the others. Thus, we require this use

Assume that the channels with block indieesandm,, are
complement. We require each transmitter to repeat the sa?r?g
codeword over the blocks: andm,. According to the input-
output relation (4), the signal-to-interference-plussearatio
(SINR) of the equivalent received signal of the receivék <
{1,2, ..., K}) can be expressed as follows:

~ m 2
|2 + o+ o7 |

SINRy;: =
K m my |2 7
* 24D 01 ik |6 + 6,07 | P




Algorithm 1 Iterative power control for interference alignment 40
Initialize: p1(0), ..., px (0), maxiy 35
for t =1 : maxyy do o
for k=1: K do = 30
if A7t =0 then g
kk . . S 25
Transmitterk does not transmit ang, (t) = 0. B
end if 2 2
Transmitterk computes functiory: o
(227 —1) (24287 3578 L pe(t-1)) g 15
Ii(p(t—1)) = == . > e 1/ & -
_ Alhs | " 207 —4A  ([Rehyy) [+ |Im(h)[) /' 7,1 —o— K =3, IA, limited feedback
Transmitterk updates its transmission power: 3 10 7,7 | —-o-- K =3, TDMA, limited feedback
pr(t) = I(p(t — 1)) ] s —o— K =5, IA, limited feedback
end for Z 5 --o-- K =5, TDMA, limited feedback
end for K —— K =7, IA, limited feedback
. ; o ¢/ - - K =7, TDMA, limited feedback
if py did not convergehen 4 ———— FullCSI, IA
Feasible solution does not exist. Stop transmission of the-5 ; 5 3 1 = 5 o

transmitterk in blocks m and m,. Exclude transmitter
k from the set of active transmitters in the current block

and repeat the algorithm among the remained users. Fig. 2. Average total power per user vs. rate of each user fi§-aser
end if interference networksN; = Ny = 8).

Rate of each user (bits/channel use)

Iy(p) as In(p) = L(1 + A% Z{il,l;ékpl)' where L =
. . 2Pk —1) i
to stop its transmission to save energy and protect othes Usj, 7z aa, ([Re(her)| - m(ier)]) >0 Is a constant.

which in fact leads to a rate loss. The probability of thisrdve ) K
is (1 — 2Q(hmin))?, WhereQ(z) is the Q-function. 1) Ie(p) = L+ A% 322y 1, 21) 2 L > 0 and the
This algorithm, converges to the optimum solution if there POSItivity condition is satlsflKed. X
at least one feasible power vector which satisfies the aainstr 2) If P~ P/, then (1-+ A% 301y p POZ(1H ATy 12, PY)
of the problem (11). If there is no such feasible power vectd"d SinceL > 0 we havely(p) > Ii(p’). Thus, the
the transmitter whose power does not converge to the optim{fgnotonicity condition is satisfied.
solution would be shut down and be excluded from the Ii& T @>1, then

of the active transmitters. The optimization procedureatp ) K ) K
until feasible solutions are found. Ii(ap)=L(1+aAj; m)<aL(l+A% ) =oli(p).
2) Convergence of the Algorithmfo provide the conver- I=1,1#k I=1,1#k

gence proof of the proposed algorithm, we need to defineTaerefore, the scalability condition is satisfied.
family of functions and a corresponding iterative algarith
The definitions are consistent with reference [10].

Definition 2: I(p) is calledstandard interference function
if for all vectorsp, p’ = 0, it satisfies following conditions:

These conditions are satisfied for all the users and we can
conclude that the functiod(p) given in (9) is a standard
function. Therefore, according to the Theorem 2 in [10] foy a
initial power vectorp(0) the standard power control algorithm
1) Positivity: I(p) >0 (13) converges to a unique fixed poipt. The Lemma 1 in
2) Monotonicity: I(p) = I(p'), (¥p = p') [10] implies this fixed point corresponds to the solutionhwit

N minimum required transmission power. ]
3) Scalability: oI(p) > I(ap), (Va>1). (12)
IV. NUMERICAL EVALUATION

In this section we numerically evaluate the performance
of the power control algorithm for the wireless interferenc
p(t) = I(p(t — 1)). (13) networks when quantized CSl are available at the transitte
For the TDMA scheme, we assume user scheduling is fixed
For any initial vectorp(0), the standard power control algo-and the channel inversion is performed according to the
rithm (13) generates a sequence of veci(s), ..., p(t). weakest channel corresponding to the quantized channel gai
Theorem 1:If the problem (11) is feasible, for any initial In all the simulations, we consider truncated channels &her
power vectorp(0) Algorithm 1 converges to a unique fixedthe weak direct channels fall in the region bounded by distan
point p* which is the optimum solution of the problem (11).hnmi, from the real and imaginary axes are excluded where this
Proof: First we show that functionI(p) given in parameter is chosen according to the power constraint. For
(9) is a standard interference function. For this purposke quantization of the Gaussian distributed channelgesin
we show that this function satisfies the conditions givesdimost all channel realizations fall in the region boundgd b
in (12). For simplicity of the presentation, we re-writehmax = 40 [16] we Sethmax = 4.

Definition 3: If I(p) is a standard functiorstandard power
control algorithm is defined as:



V. CONCLUSION

In this paper we have studied a time-vary interference
network in which the transmitters perform both interferenc
alignment and power control based on the quantized CSI,
obtained through limited feedbacks from the receivers. We
have proposed an iterative power control algorithm for such
a network, which aims to guarantee successful transmission
of each user at a fixed rate with minimum total transmission
power. The proposed algorithm converges to the optimum
solution whenever the problem has a solution. Through sim-
ulation results, we have shown that the proposed scheme can
require lower transmission powers than the TDMA scheme
in a certain rate region. Thus, the advantages of performing

40
@ 35
Z
’g 30
<]
Q 25
s
290
cu
g
5 15
2
10 // —a— Ny =5, Ny =38, 1A
/ —D—N]:7,NH:7,|A
5( 7 —o— Nr=9, Ny =6, IA
)/ -——- Full CSI, 1A
OO 2 4 6 8 10 12 14 16 18 20
Sum rate (bits/channel use)
Fig. 3. Feedback bits trade-off in a 3-user netwalk; (= 21).

(1]

Fig. 2 shows the average required power per user, as a
function of the rate of each user for different number of[z]
users in the networkN; = Ny = 8). The performance of
the TDMA scheme (with the same number of feedback bits)
and the interference alignment scheme with full CSI are als!
shown for comparison. As we increase the number of users, the
required transmission power at a given rate does not change
for the interference alignment scheme with full CSI. But, it
considerably increases for the TDMA scheme, especially i[},]
the high rate region. For the interference alignment scheme
with limited feedback, increasing the number of users does
not significantly increase the required power at the lowe-rat
region. However, if the transmission rate is high, the power
is increased notably when the number of users increasd$l
This is because at higher rates, the performance is affected
more severely by the residual interference. It can be segg
from the figure that even with limited feedback, applying
the interference alignment scheme with proper power cbntr%]
outperforms the TDMA in the intermediate rate region by
requiring less power for the fixed-rate transmission.

Fig. 3 shows the trade-off between allocating feedbagkol
bits to the quantizer of the desired channel and that of the
interference channels. In this example, the total numbénef [11]
feedback bits isV; = 21. We can see that in the low-rate
region, allocating more bits to the desired channel is prefe
while in the high-rate region, it is more efficient to allogat[12]
more bits for the quantization of the interference channels
This is because when the desired transmission rate is |gug]
the network is working in the noise-limited region and it is
better to more precisely control the powers. However, in tqﬁ]
high- rate region the users should transmit with large pewer
to guarantee successful transmission. Thus, the networkl
interference-limited and it is preferred to more accusatel
perform interference alignment rather than power confrois

result coincides with the trade-off observed in [6]. (16]

power control for the wireless interference networks whbee
interference alignment based on the imperfect CSl is agplie
is explicitly seen.
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