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Codebook-Based Interference Alignment for Uplink
MIMO Interference Channels

Hyun-Ho Lee, Ki-Hong Park, Young-Chai Ko, and Mohamed-SAfauini

Abstract: In this paper, we propose a codebook-based interference feasible since they require globally perfect channel stta-

alignment (IA) scheme in the constant multiple-input multiple-
output (MIMO) interference channel especially for the uplink sce-
nario. In our proposed scheme, we assume cooperation amongse
stations (BSs) through reliable backhaul links so that glokl chan-
nel knowledge is available for all BSs, which enables BS to oo
pute the transmit precoder and inform its quantized index tothe
associated user via limited rate feedback link. We presentraupper
bound on the rate loss of the proposed scheme and derive theasc
ing law of the feedback load to maintain a constant rate lossalative
to IA with perfect channel knowledge. Considering the impat of
overhead due to training, cooperation, and feedback, we addss
the effective degrees of freedom (DOF) of the proposed scherand
derive the maximization of the effective DOF. From simulaton re-
sults, we verify our analysis on the scaling law to preservene mul-
tiplexing gain and confirm that the proposed scheme is more &fc-
tive than the conventional IA scheme in terms of the effectie DOF.

Index Terms: Effective degrees of freedom (DOF), interference
alignment (IA), limited feedback, multiplexing gain, uplink mul-
tiple input multiple output(MIMO) interference channel (I C).

I. INTRODUCTION

mation (CSI) for the transmitter [1].

On the other hand, in practical scenarios, acquiring perfec
CSI at the transmitter (CSIT) is almost impossible due to the
limited-rate feedback link. Thus, IA schemes with limitegé-
back that quantize and feedback the channel coefficientg usi
Grassmannian codebooks have been developed and analyzed fo
the K-user IC in [6], [7]. Specifically, the required scaling law
for the number of feedback bits with respect to the signal-to
noise ratio (SNR) in order to preserve the multiplexing deas
been derived. In [8], the authors considered the effecti@#D
achieved by IA for the constant MIMO IC when CSl is obtained
by training and fed back to the transmitter. In [9], a scheoret
duce the quantization error compared with the naive workjn [
was proposed but it entails an iterative algorithm with lighn-
putational complexity. In [10], the authors investigated per-
formance of IA where CSl is acquired via training and analog
feedback by characterizing the effective sum rate with lozad
in relation to various parameters such as SNR, Doppler dprea
and feedback channel quality. The work in [11] also addigtsse
the limited feedback design for IA under more practical rogtv
topology such as path loss or spatial correlation. In [12i-
cient feedback scheme for IA was proposed by reducing the re-
dundant information in the channel quantization procedtice

Interference alignment (IA) is one of the promising techyyoid the feedback overhead issues, the author in [13] donsi
niques to mitigate interference in t€-user interference chan-ereq analog CSI feedback where the CSI quality increasés wit

nel (IC) that models wireless networks in whiéh transmit-

SNR on the feedback link, which implies that the multiplexin

ters communicate with their own intended receivers, respfin can be preserved as long as the SNR levels of the forward
tively [1]. Recently, intensive research efforts have belen anq feedback link are comparable.

voted to show that IA using multiple antennas can provide |n this paper, we propose a codebook-based IA scheme,
more degrees of freedom (DOF) compared with conventionghich can be applicable to thE-user constant MIMO IC es-

schemes in the constant multiple-input multiple-outpuNi®)

pecially for the uplink scenario. Specifically, in our preed

IC [2], [3]. Although most research efforts on IA have been foscheme, we assume cooperation among base stations (BSs)
cusing on designing the precoding matrices and receivesfiltgnrough reliable backhaul links [14], [15] so that globall@S
for the constant MIMO IC [4], [5], such solutions are stilltno ayajlable for all BSs, which implies that the precoding ricats
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and receive filters based on IA can be obtained at BSs. Instead
of quantizing the channel coefficients as in [6], [7], it isamed
that each BS quantizes the precoding matrix using its camebo
and informs the index to the associated user. We analyzathe r
loss as a function of the number of feedback bits and quantify
the scaling law of the feedback load to maintain the constdat
loss relative to IA with perfect CSIT. We also show that a frac
tion of the multiplexing gain can be still achieved if a friact of

the feedback load according to the derived scaling law isrgiv
Similar to the results in [16], we show from our simulatiohatt

the average sum rate of tiié&-user constant MIMO IC saturates
at a certain constant value if the number of feedback bitgéslfi
regardless of the SNR value. We also confirm that the multi-
plexing gain of the proposed scheme is preserved by incrgasi
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the number of feedback bits according to the derived scaling IIl. CODEBOOK-BASED IA
law. As a practical aspect, we investigate the effect of lowad

. . L In this section, we introduce a strategy of the proposed
such as training, cooperation, and feedback by definingfthe Eodebook-based IA by taking training, cooperation, andi{ee
fective DOF that is similarly considered in [8]. We can semnir y 9 9 P '

i . ; back into consideration. As stated in Section |, insteaduaing
simulations that the effective DOF of the proposed schente OHﬁing the channel coefficients as in [6][8], we provide fiedi

periorms that of the c_onvenﬂonal A scheme given the €AU&t mechanism of 1A with limited feedback for each BS in order
number of feedback bits. Moreover, the proposed scheme ¢an . . . S .

L . 0 quantize the precoding matrix using its codebook and 1o in
significantly reduce the number of feedback bits compardi w orm the index to the associated user by exploiting cooimTat
the conventional IA scheme in order to obtain the same éffect y exp 9 Fet
DOF. among BSs.

The following mathematical notations will be used through;
out the paper. Upper case and lower case boldfaces are used t
denote matrices and vectors, respectively. Note that ()", To learn the channel coefficients at BSs, all users send known
tr{-},||-||, andE[-] represent the transpose, conjugate transpopédpt symbols over a perio& N, [17]. Then, thejth BS esti-
trace,lo-norm, and expectation operator, respectiveigenotes mates the channels from all users, iH.;; for all i. For sim-
the identity matrix. plicity, we assume that all BSs can estimate the channels per

fectly.

Trainin
o g

ll. SYSTEM MODEL B. Cooperation among BSs

We consider a MIMO uplink cellular network witik cells We assume that all BSs can exploit cooperation and ac-

which forms a MIMO IC by assuming that a transmitter i3, ire global channel knowledge through reliable backhaul
cho_sen by a scheduler in each cell. Each transmitter (useridks [14], [15]. Depending on the manner of cooperation, we
equipped with)V; antennas and each receiver (BS) Wiy ¢ |a5sify cooperation among BSs into two categories, nately
antennas. We assume a flat-fading channel, where the ch@lkentralized cooperation and 2) centralized cooperaidal-
nel coefficients remain constant duridigsymbols. Assuming |;ws:

that thejth transmitter attempts to send the data symbol vect
x; € C%*! with d; independent data streams to titie BS, we

can represent the signal vector at jtie BS,y; € CV-*1, as

?f Decentralized cooperation: Each BS independently and si
multaneously sends its estimated channels from training to
other BSs. As in [17], the BSs use analog linear modu-

K lation to transmit the CSI by directly modulating the car-

yj= \/EHjﬂjijj + Z \/EHMVZ'XZ' +n; (1) rier with the channel matrixH; = H; 1 H;>---H; k]

d; My d; (N, x K N; matrix) multiplied by a prearrangeld N; x 7.
unitary spreading matrix@; and received< CSl-bearing sig-

whereH;; € CN*Nt is the channel matrix between tlith nals at the same time. It is desirable to makeAhenitary
user and thejth BS, V; € CM*4 is the precoding ma-  spreading matrix mutually orthogonal to estimatehannel
trix for the jth user with unit-norm column vectons; ,,, for matrices each, i.e®;®}' = I and®;®! = 0 fori # j, and

m = 1,2,---,d;, andn; € CN-*! is the complex additve  possibleifl;, — K'N; > KN;(K —1). Here, we assume that
white Gaussian noise (AWGN) vector with zero mean and co- the transmit power of the CSI-bearing signal is high enough
variance matrixI. Note that in (1),P is the transmit power,  to be reliably estimated at the other BSs. Therefore, the to-
E[||lx;]|?] = d;, and the total number of streams is denoted as tal time blocks required for channel information exchargge i
dior = Y2 | d;. We assume that all the channel coefficients are constrained off, > KN, for decentralized cooperation.
independent and identically distributed (i.i.d.) comp{@aus- 2) Centralized cooperation: Once an arbitrary BS is chosen a
sian random variables with zero mean and unit variance. De- @ coordinator, other BSs send their estimated channelgto th
noting the receive filter for thgth BS asU; ¢ CN-%dj which .coordinator(Kfl) CSl bea_ring signalslshould be estimated
consists of unit-norm column vectaus,,, form = 1,2, - -, d;, independently at the coordinator by using the spreading ma-
we can write themth stream of thejth BS as the sum of the ~ trix with the size /(K — 1)N;. The coordinator computes
desired signal, the inter-stream interference (ISI), tieriuser ~ the transmit precoders and receive filters for all the neltevor

interference (1UI), and the noise term, which is given by and send the receive filters back to the other BSs. Simi-
larly, the coordinator sends the signal bearing the redéive
A ’ p d; y P tel’%U =[ug1 - upg U1 U2 g,U 1 UK de ]| (N X
Ljm =W EHj,jVj,ml’j,m + Z W m EHj,jVijjJ 21=1.1;, & matrix) by multiplying the spreading matrix
’ 1Zm ® (31, ., di x 7. matrix). j. indicates the index of the
K d; BS which is selected as a coordinator. In order to separate
+Zzu2m\/§Hmvi,l$i,l +u! (2) Zfil_’#ﬁ d; receive filters, the time blocks of the filter-
o=t ’ bearing signal is constrained op > Zfiu#jc d;. There-
fore, the total time block for centralized cooperation ddou
wherez; ., is themth data stream of thgth user. be conditioned o, > K (K — 1)N; + ZfiU#C d;. The

coordinator can quantize the precoding vector using its cor
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responding codebook and inform the index to the associategl of feedback bits per stream in order to preserve a bounded
users at the feedback stage described in subsection II-D. rate loss.
Once an arbitrary BS is chosen as a coordinator, other BSs )
send their estimated channels to the coordinator over agerf* RateLossAnalysis
K(K — 1)N; [17] and then the coordinator can compute the The achievable rate for theth stream of thegth BS with the
transmit precoders and receive filters for all the netwolks. infinite rate feedback is given by
this case, since the coordinator needs to send the recéars fil . P 5
for other BSS,ZZI;J#C d; time slots are required additionally, R§")L = log, <1 + T \u'j*ymH]—_,jv]—_,m| ) 3)
wherej. indicates the index of the BS which is selected as a J
coordinator. which indicates that all interference can be nullified unukar
We denote the total symbol durations required for coopmatifec'[ CSIT.
as On the other hand, in case of the limited feedback, since the
guantized precoders do not fit perfectly on the aligned dimen
sions, both IUI and ISI cannot be perfectly eliminated inespi
of using the zero-forcing vectau; ,,, which incurs sum rate
degradation by the resulting residual interference powidre
achievable rate for thexth stream of thgth BS with the limited
C. IA feedback can be written as

K2N,, Decentralized cooperation
K

K(K—-1)N, + Z d;, Centralized cooperation.
I=1,1#jc

Tc =

We assume as mentioned earlier that the BS can jointly design £ |u!

| H V]

the precoding matrix and receive filter by using CSI througth ¢ jm — 1082 111

operation among BSs. As the specific designs for the precod- '

ing matrix and receive filter, we consider the conventioral lwhere

schemes, which can be found in [4], [5]. While IA can be re- & K d

alized with any receiver design, we consider a per-stream ze Py o 12 ~ Py 512
: : ’ Lim = T [uff, H 950" + A L 2 PR

forcing receiver such that the ISI and IUI can be perfectly-ca = D

celed under the assumption of full CSIT, i.a}}, H; xvi: = 0 t#m 7

for (j,m) # (k,1). Each BS will utilize the zero-forcing vector. (5)

u;, for each stream even though the quantized precoder (s the residual mter;:erence power dLIJe tofthe limited feekit;a
lizes at the transmitter due to the limited feedback. From (3) and (4), the average rate loss for thth stream o

the jth BS is defined ag\R;,,, = E RE?L - REL%} where
D. Feedback the expectation is carried out over the channel distriloudnd
After the precoding matrix and receive filter are computetggndom codebooks. To characterize the performance losgof t
we assume that each BS quantizes the precoding vector ugingposed codebook-based IA due to the limited rate of the-fee
its corresponding codebook and informs the index to the dwcklink, we derive an upper bound on the rate loss as a imcti
sociated user via limited rate feedback link. For 1) anedfti of the number of feedback bits; ..
tractability and 2) scalability for any antenna configuras, Let us first derive the statistic of the residual interfeenc
we consider an random vector quantization (RVQ) codebopkwer,/; ,,,. We can rewrite (5) as

[N

with isotropically distributed and i.i.d. vectors from tbemplex 4

unit sphere [18], [20]. The codebook for theth stream of the , _ Z P HeH_ H2 ’éH. G ‘2
. _ Jm = d. 17aam Jugsm Y 3l
jth BS is denoted as; ,, = {fj,m,l,fj,mg, v f o oBim L

whereB; ,,, is the number of feedback bits for theth stream

. K d;
of the jth BS. Each BS uses an independently generated code- n ZZ P He'-*- ||2 }éH. ‘. }2 (©)
book per stream to ensure the number of spatial dimensions ——d; T gibsm Tt
and the codebook is accessible to its associated user. By-ado 7
ing the metric based on the chordal distance in [18];as = wheree?  — u” H.. ande&M — eH / HeH H We

. . Jyhym T j,mT st Jihm T Fhi,m Jriym |l

argMax, <y <oB;.m ‘fjl»:lm7ij,m‘, the quantized transmit beam-can decompose; ., as
forming vector is obtained a&; ,,, = f; .., .. AS aresult, the Vjm = (ijgm‘;j_’m) Vjm + (Z?,mVj,m) Zjm @)

guantization index is determined and fed back to ftreuser o ) o ]
over a periodK B; .,/ B;, where B; is the capacity of feed- Where_ziyl. is |sofcrop|cally distributed in the nullspace of ;.
back links (bits per symbol durationy, will be defined later in Substituting (7) into (6), we have

Section V for the purpose of illustration to analyze the effe d;

P
DOF. Ijm = Z — (sin”0;,) He?,j,mHQ ‘éaﬂ,j,mzjvlf
=1

IV, RATE LOSS AND SCALING LAW . i
(sin® 0:.0) [leflsmll” &5 mzia] ™ ()

K
In this section, we investigate the rate loss due to thedithit T Z d. 35
rate of the feedback link and derive the scaling law of the hum =
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2 Before deriving the upper bound 0fthe rate loss due to the limited rate of the feedback link & th

.92 H -~
wheresin® i, = ‘Z“vi’l following theorem.

the expectation of; ,,,, we provide the following lemmas. Note Theorem 1: The upper bound on the rate loss for thh
that Lemmas 1, 2, and 3 give 1) the distributiodéﬂ}’Z mZii|  stream of thejth BS is given by
2) the independence &fn” 0, ;, }észmZi,l| and [|e!! il . )
and 3) the upper bound @]‘[Heﬂmﬂ } respectively. 14 ZJ dE <J\)f\max1) o=l
i =1 9 N

" ,L;Ting)_l |e “mz”] is Beta distributed with parameters AR, < log, Kl n o N (1)

Proof: The proof can be foundin [21, Lemma2]. O +Z T (ijxl 9~ N o1

Lemma 2: The random variablesin® 6, ;, \é?ﬂ_’mzi_’l\z, and = t

He]*-'_’LmHQ, are statistically independent. Proof: See Appendix. O

Proof: Since the amplitude and dlrect|0n of any isotrop-
. . B. Scaling Law of the Number of Feedback Bits per Stream
ically distributed vector are |ndepende|fr£j7i,m| is indepen-

dent of&; ;. &;:.m andz,,; are independently and isotropi- If the number of feedback bits per stream is fixed for all the

cally distributed within the sameV; —1)-dimensional nullspace SNR values, the residual interference power will dominkee t
of v;;. Similar to the Lemma 2 in [18]’|é';,z',mzi,l\2 is a desired signal power as SNR goes to infinity, which results in
Beta(1, N, — 2) random variable which is independent of quare"©® multiplexing gain [16]. Therefore, the upper bound e t
tization errorsin? 0, ;. o rate loss derived in Theorem 1 can be maintained constant by
L increasing the number of feedback bits per stream as a &imcti
Lemma 3: The upper bound oE Me] il } is given by ot SNR. For the simplicity of the analysis, we assume that the
N, 4N, )2/3 number of feedback bits per stream is seBtéor all users, i.e.,
o NeNet1) B;m = B, ¥(j,m) and leave the optimization for the feedback
! Proof: ! From the deflnllglon, weHhav¢\ej,i7m|\ = bits allocation as a future work. In the following theoreme w
w;,, H; i Hy w0, Note thatuj, H; ;H7;u;m < Amax,  verify the sufficient scaling law of the feedback bits peeam
where\,,. is the largest eigenvalue f; ;HY,. Therefore, we to maintain the constant upper bound on the rate loss.
} as the mean ok, Theorem 2: The sufficient scaling law of the feedback bits
per stream to maintain the rate loss no larger thanb is given

_ 2/3
which is Apax ~ N, N, ( N, 4N, ) for N, N; < 250in [19, by

Amax Where is approximated as, .« ~ N, N; (

obtain the upper-bound dt [He

Jiam|

Ne¢Np+1
eg. (28)]. , ] K PAax
Since the random variablessin®6;;, |, ,.2,|", and B = (Ne—1)log, N1 )~ (Nt —1)logy (b—1).
et mH are all independent as shown in Lemma 2, the ex- (12)
pected residual interference power can be written as Proof: Under the assumption of the equal number of feed-
back bits over streams, the upper bound in (11) can be siexplifi
E [Lj,m] as
dj
P . _ 2 dj —1 Phinax B
= > T 050)] & [l nl*] B el ] e
1=1 7 AR < log J L
I#m Jm 2 P 5
K d; P +(K— 1) Max o= 5§, —1
22 _H 2 B t
+ Z d_E [(sm 91‘,1)] [Hej i m” } E [|ej,i,mzivl| }(9) KPMpax .. _E
i=11=1 " <logy |1+ ———=2 M1 . (13)
i#£] Ny —1

To exploit the sufficient number of feedback bits for a rate
loss of no larger thatog, b, we set (13) to the maximum allow-

1/Ny—1 [23] and E [Hea iml| } < Amax, fespectively. apje gap oflog, b aslog, (1 + 71(]55;“;*2‘%) < log, b and
From [18, Lemma 1], the upper bound®f (sin® 6; ;)] is given  then we can solve the number of feedback bits per stream as a

From Lemmas 1 and 3, we havE “eﬂmz””

by 2~ B:t/Ne=1_ Therefore, we can rewrite (9) as function ofb and SNR, which is given by (12). O
. B Furthermore, by setting the maximum allowable rate gap per
“ P { Mmax — il data stream as = 2 in (12), we obtain the scaling law of the
Ell;m] < Z E <Nt _ 1) 2 feedback bits per stream to preserve the rate loss lesslthan
1z (bps/Hz) as
K d; P )\max 9~ W 2T 10 B > N 1 Kpj\max 14
+ ;;di<Nt_1> : (10) 2 (t_l)OgQ(W) (14)
i#j

which will be later used for our simulations in Section VI.
Consequently, from (10), we can quantify the upper bound on
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V. ANALYSIS ON EFFECTIVE DOF where the last inequality can be derived friinflog,, (sin” ;)]
Although our analysis in Section IV shows the performance 1\1,05216 iBl ,ﬁ < N_,,i in [18, Appendix IllI] and recall-
loss due to the quantization error, it neglects the impaovef- ing B = o (N, — 1) log, (Kpj\max/]\ft _ 1), Substituting

head resulting from training, cooperation, and feedbatkhis (19) into (18), we have; > adi.:. As a result, we obtain
section, we consider the case that training, cooperat@ed-f ;) = ad;; given for B = a (N; — 1)log, (K PAmax/Ni — 1)
back, and data transmission are all orthogonal in time durifor 0 < o < 1. O

the coherence timéd,, which is similarly considered in [13] and By should be at least on the same order ®fin order
[24]. Based on the analysis in Section IV, we analyze theceffeo feedback the quantization index within a coherence hlock
tive DOF discussed in [8] and [13] to characterize the ovatheT [8] and, for the purpose of illustration, we sét; =

of the proposed codebook-based IA under practical scenarigiog, (K PAmax/N; — 1), where 3 is a constant. Plugging
By taking training, cooperation, and feedback into conside g _ , (N; —1)log, (KP)\maX/Nt _ 1) andn = adi into
tion, we can compute the expected effective sum rate as (16), then we have

- KN, T
L (g 2% Zfe (L) KN, T. ao(lN:—1)K
B = (1 T T BfT> ZE [Ri,m} - (19 Ne = (1 -7 L e aNe Z DK tﬂT ) ) adior  (20)
Similarly, we can define the effective DOF as which is a quadratic function with respectdo By differenti-
ating (20) with respect te,, the maximization ofj. is achieved
— BT KN, _ T,
Ne = <1 o @ . 2 . Q) (16) Whenamax = W (1 -7 = T) If Q'max is out of
T T BT domain for0 < a < 1, i.e., max > 1, 7. is maximized when

«a = 1. As a result, the effective DOR,, is maximized as
wheren = limp_, Zj,m E {Rﬁﬂ /log, P. Denoting the

2
indicator of the scaling law as which shows the quan- (1 _ KNy 2) __AT drot
tity of feedback bits according to SNR, in the following T T) 4N.—1K ™
theorem, we show the lower and upper boundsyoivhen it &+ drot <T <&+ drot
the scaling law of the feedback bits per streamds = ;. = 482 - 262 (21)
o (N} — 1)10gy (K PAmax/Ni — 1) for0 < o < 1. (1 _EN T _ M) dos
Theorem 3: When the scaling law of the feedback bits per T T pT
stream isB = a (N; — 1)logy (K PAmax/Ne — 1) for 0 < i TS 6+ ot
a < 1, we have; = ad.s. 262

Proof: Firstly, we show the upper bound 9f By discard-
ing the terms of the residual interference power in (5) ekce

di; |uf! H; ¥, |2 [18], we have the upper bound gfas

here¢; = KNy + T, and& = Bdiot/4(N: — 1)K. Note
hat the lower bound of” in the first condition comes from
the assumption that is longer than the symbol durations cor-
responding to training, cooperation, and feedback, 7e.>

B+1
E [Rﬁ._ﬁ;} <1+ % Flog, (N —2) +logye (17) KNy +To+1/8(Ny — 1) K.
, . —
which can be easily derived by using Lemma 3 in Sec- V. NUMERICAL RESULTS

tion IV and Theorem 2 in [18]. SubstitutingB =
o (N; — 1) log, (KPS\maX/Nt _ 1) into (17), the upper bound  In this section, we present simulation results to evaluate

L (L) . . the sum rate performance and scaling law of the proposed
of s given byE {Rj’m} < alogy P+ O (1), which directly codebook-based IA. Subsequently, we illustrate simutates

results iy < adyor. _ sults to validate our analysis on the effective DOF. Thraugh
~ Secondly, we show the lower boundmf For high SNR, by this section, we denote thi-user uplink MIMO IC with N,
ignoring the effect of the noise, we have transmit antennasy, receive antennas, anf data streams for
PANCIR P the jth user ag Ny, N,, K, [dy,d2, - - -, dk]). For all the simu-
E [Zj_m log, (d:“}#)] lations, we set the maximum allowable rate gap per datarstrea
n > lim ’ o asb = 2.
~ Pooo log, P In Fig. 1, we illustrate the average sum rate as a function
ijE [logs Ij m] of SNR for the(4,5,3,[2,2,2]) system. We confirm that the
= diot — 123100 7 log, P : (18)  proposed codebook-based IA scheme can maintain the rate los
within diot loga b = 6 X log,(2) = 6 (bps/Hz) compared with
The upper bound dk [log, I; ,,,] is given by IA with perfect feedback by increasing the feedback quality
cording to the relationship in (14) with SNR. When the feed-
E [logy 1j,m] log, P + E [log, (sin®6;,)] back quality is fixed regardless of SNR, we observe that the

<

L E [lo (K He H ’ Ho ’2)} multiplexing gain goes to zero in high SNR region since the
62 gismll 1€j.0,mPil residual interference terms will dominate the rate in (4)as-

< (1—-a)logy P+0(1) (19) creases. In Fig. 2, we show the average sum rate as a function
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Fig. 1. Average sum rate of uplink MIMO IC for the (4, 5, 3,[2,2,2]) sys-  Fig. 3. Average sum rate of uplink MIMO IC for the (4, 5, 3, [2, 2, 2]) Sys-
tem with perfect feedback, scaling feedback quality, and fixed feed- tem with perfect feedback, scaling feedback quality, and insufficient
back quality. feedback quality.
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Fig. 2. Average sum rate of uplink MIMO IC with various system config-
urations. Fig. 4. Average effective sum rate of uplink MIMO IC for the
(2,2,3,[1,1,1]) system where T' = 600.

of SNR by varying the system configurations. We can observe
that the multiplexing gain of the proposed codebook-baged |
scheme can be preserved by scalih@ccording to the derived proposed scheme from simulation is identical to that from ou
scaling law with SNR for various system configurations. Morénalysis in (21). We see that the proposed scheme can achieve
over, even when the data streams are allocated to transnittdgher effective DOF than the conventional scheme in [8¢giv
asymmetrically, it is shown that the rate loss is still mained the equal number of feedback bits. Moreover, to get the same
within d;; log, b (bps/Hz). In Fig. 3, we plot the average suneffective DOF of the proposed scheme, it can be seen that much
rate as a function of SNR to demonstrate the validity of Thegore feedback bitg,N? — 1) log,(SNR), are required for the
rem 3. We clearly see that anfraction of the multiplexing gain conventional scheme [8].
can be achieved when we impose the scaling law according to
B =a(N; —1)logy (KPApax/Ny — 1) for0 < o < 1.

Moreover, we verify the advantage of the proposed IA scheme
over the conventional IA scheme that adopts training and-ch& = 600 channel uses which is related to two physical parameteescoh

i~ ; ; rence timél. and the coherence bandwidth (subcarrier bandwitlth) by
nel coeff!C|ents feedback [8] by assessing the effectlve_ 'Dd}?: WeT. [24]. In this paper, we assume a typical LTE scenario opegati
We consider an example for the, 2,3, [1,1,1]) system with at f, — 2.1 GHz and the coherence bandwidtfi. = 15 kHz with the mo-

T = 600! andg = 1. From Fig. 4, the effective DOF of the bility Av = 5 km/h [25]. Taking as the coherence tirfie ~ %i —

I\We assume that the channels remain constant over a coheweof 1/ 7o <2 fo, We approximately obtaiff” = 600 channel uses.
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VII. CONCLUSION

(2]

In this paper, we considered the feedback requirements of

a codebook-based IA in the constant MIMO IC especially fgg

the uplink case. By assuming cooperation among BSs, BS can

compute the transmit precoder and inform its quantizedxnde
instead of the quantized channel coefficients to the adsatiay,

user. We derived an upper bound of the rate loss and the scal-

ing law of the number of feedback bits in order to preserve the

multiplexing gain of 1A with perfect CSIT. It was shown thét i
a partial feedback load is used according to the derivedngral

law, a fraction of the multiplexing gain can be only achievé
also considered the effective DOF to see the impact of owaerhd6] J. Thukral and H. Bolcskei, “Interference alignment lwitmited feed-
arising from training, cooperation, and feedback. By corimza

the proposed scheme with the conventional scheme, both dfh-

(5]

lytically and numerically, the proposed scheme has beewisho
to be more effective one in terms of the effective DOF.

Appendix

A. Proof of Theorem 1

lowing lemma.

tation terms given by

ARjm

P
E [log2 (1 + E |u';7mHj_,jvj_,m|2)]

P
= E [log2 (1 + — Hj,j<’j.,m|2 (22)

H
dj |uj7m
Proof: The proof can be found in [21, Lemma1l]. O

The rate loss can be written as

- [1og2 (1 + di; Iu?,mHj.,jijmf)]

o (12 L <50
E [logy (1 + Ij.m)]

E [10g2 (1 + g |u?,mHj,jVj7m|2)]

P
— E |:10g2 <1 + d_ ‘u?’mijj'\Afj7m‘2>:|
J

+ Eflogy (1+1m)]

INE +

®)
< Ellogy (1 + Ijm)]

< logs (14 E[I;,]) (23)

where (a) comes from the fact thdi,, > 0 and log(-)
is a monotonically increasing function [18], (b) followsofn
Lemma 4, and (c) follows from the Jensen’s inequality. Subsi22]

tuting (11) into (23), we derive the upper bound of the rasslo

for themth stream of thgth BS as given in (12).

(1]
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