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Abstract—In this paper we propose a downlink codebook- (i) A codebook composed of multiple transmit beamforming
based opportunistic interference alignment (OIA) in a three- vector sets for three base stations (BSs) is utilized togbrin
cell MIMO system. A codebook composed of multiple transmit 516 selection diversity. More specifically, besides the UE
vector sets is utilized to improve the multiuser selection wersity. ; . )

The sum rate increases as the size of the codebook grows. InSChedu“ng’ BSs select a transmit beamforming vector set
addition, during the user selection, effective channel gai and from the codebook to enhance system sum rate. Consequently,
alignment metric are combined to generate a novel criterion fewer UEs are needed in COIA to achieve the same sum rate
which improves the system performance, especially at low SN compared with the conventional OIA. Particularly, with the
Furthermore, a threshold-based feedback approach is intrduced 1 aoretical analysis of the expectation of the alignmertrime

to reduce the feedback load in the proposed scheme. Both the . .
analytical results and simulations show that the proposedcheme value, _We ca!q pre-calculate the required numbers of caredida
provides Signiﬁcant improvement in terms of sum rates with o UEs W|th various COdebOOk sSlzes fOI‘ the same sum rate as that
feedback load growth and slight increase of complexity. of the conventional OIA. Note that code-book based uplink
OIA schemes have recently been proposed_in [10], [11]. Our
downlink COIA is completely different from them because

With the exponential growth in mobile data traffic, interthe codebook in our scheme is utilized to exploit the sedecti
ference has been one of the major challenges in wirelegigersity, while the codebook ifi [LO], [11] is used to redtive
communication. Interference alignment (IA) [1] is a tecfwe  feedforward load. We propose our downlink COIA scheme to
recently introduced to improve the performance of intefiee  jmprove the sum rate performance, while they focus on the UE
networks. Unfortunately, extensive channel station imf@tion and feedback bit scaling law with their uplink COIA schemes.
and a large amount of computation is required to achieve the
optimal DoFs [[2], which makes IA too complicated to be (;;) An effective UE selection metric adaptively balancing
implemented in practice. Motivated by opportunistic beamhe noise and interference power is introduced to overcbime t
forming (OBF) [3], OIA schemes are developed in [4]-{9]shortcoming of OIA schemes at low SNR. With the above two
which only require limited feedback and modest computanprovements, COIA achieves better sum rate performance
tional complexity. Though OIA takes advantage of multiusehan MAX-SNR scheduling and the conventional OIA the
diversity via opportunistic user equipment (UE) schedulin same number of candidate UEs.

[5] proves that the number of required UEs grows with an

exponential scale in order to achieve an optimal DoF. In (;i;) When the codebook size is very large, the feedback
practical systems, the number of UEs is usually limited & tjoad becomes unacceptable of our previous COIA scheme
improvement of sum rate performance via OIA is not obvioug, [12]. In this paper, a threshold-based feedback scheme,
On the other hand, UEs are selected from the perspectivey@fich has never been discussed in OIA to the best of our
interference reduction in OIA, while the selection is donﬁnow|edge, is exp]ored to reduce the system feedback load in
from the point of view of channel gains in Maximum SNRour COIA. We address the relationship between the threshold
(MAX-SNR) scheduling. OIA outperforms MAX-SNR in anvalue and feedback load by an explicit expression, so tteat th
interference limited environment while MAX-SNR prOVideSQdeack load of the proposed scheme can be adjusted to the

better performance in a noise limited environment. Neitifer same as that of the conventional OIA by setting an apprapriat
them have a wide SNR range of application. threshold.

In this paper, we propose a downlink codebook-based op-
portunistic interference alignment (COIA) scheme. Coregar  Throughout the paper, we describe matrices and vectors by
with the conventional OIA schemes,three improvements ag|d upper and lower case letterAZ, Amax(A), Vinax(A),
made: ||A|| and A~! denote the conjugate transpose, the largest

This work is financially supported by the National NaturaleBce Foun- e'genvalue’ the 6|genve(_3tor correspond-lng to the I_arg@sne
dation of China (NSFC) under Grant No. 61271188. value, Lo-norm and the inverse of matriA, respectively.
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Il. SYSTEM MODEL The UE with the largest SINR is selected, i.e.,

We consider a 3-cell MIMO downlink system with a single EMAXSINR — aro max SINR,, .
BS andK UEs in each cell. Both the BS and the UEs are each I<ki<K
equipped with two antennas. In theh cell, i = 1,2, 3, the
BS sends a data stream to a scheduled UE with a normalizedyyax.s\R
transmit beamforming vectow;, where ||w;|| = 1. For _ .
convenience we denote theth UE in thei-th cell as UE N MAX-SNR, the receive beamforming vector of UE
[k,i], wherel < k < K,k € N andi = 1,2,3. Quasi-static [k, is designed ag/J!®SWR = e to maximize the
channels between BSs and UEs are assumed. The recelgtk The corresponding SNR is SNR= PSIIH:;72WH2
signal at UE[k, i] is In homogeneous network, each UE calculates its effective
3 channel gain
Yk, = VPsHy, iwizi + VPr Z Hy, jwjz; +ng, (1) Br; = ||H, iwi|® 4)
J=1,5#
whereHy,, ; € C**? is the channel matrix from the BS in the\;i\:]hdtfl]rgc:;rrr;sé;?esﬁgr?sepondmg BS. The BS selects the UE
j-th cell to UE [k, ¢]. Elements ofH}, ; are independent and T
identically distributed (i.i.d.) circularly symmetric pplex EMAXSNR _ rg max By, . (5)
Gaussian random variables with zero mean and unit variance. 1skisK
x; is the signal transmitted by thgth BS with a transmit
power constrainfi[|z;]?] = 1. ny, € C**! ~ CN(0,021) IS = conventional OIA
the additive complex Gaussian noise at UEi]. Ps stands ) )
for the received data power ang is the received average " O'A [5], the UE whose interference signals are most

interference power from each interfering BS. Denoting trdigned with each other is selected. The alignment of ieterf
receive beamforming vector of U, i] by vy, € €21, the ing signals is measured by their chordal distance. The metri

received signal after receive beamforming is value of UE[k, 4] is
3 I e : A ®)
viiyk, =VPsvitHy, iwizi+VPr Y Vi Hy, Wiz, +viiny,. The T, w12 - [, w2

=Ly

(2) Wherei’ is the i-th element of vectof2,3, 1], andi” is the

We also assume there exist low-rate but reliable and detsy-fi-th element of vectof3, 1,2]. Each UE sends the value back

backhaul links between each UE with its relevant BS as wéfl the relevant BS. The preferred UE in tita cell is

as among the BSs. KO _ g max R
Based on [[2), the signal-to-interference-plus-noiseorati ‘ 1<hi<K

(SINR) of the data stream of UK, i] is given by

Pslngki,iWiF

3 .
on+Pr Zj:l,j;si |V£I;Hki~,jwj|2

IV. NoveEL CODEBOOK-BASED OIA SCHEME

SINRy, = (3)
In this section, we propose an OIA scheme with a code-

book of transmit beamforming vector sets. A novel selection

criterion adaptive to noise and interference power as well a

a threshold-based feedback are further developed to eeahanc

the sum rate performance and control the feedback load of the
In both OBF and conventional OIA, the transmit beamproposed scheme.

forming vectorsw are all generated randomly, while the UE

selection criteria are significantly different. We discuiseee A. Codebook-Based OIA
opportunistic UE selection schemes (i.e., MAX-SINR, MAX- |n codebook-based downlink OIA, BSs choose transmit

IIl. CONVENTIONAL OPPORTUNISTICUSERSELECTION
SCHEMES

SNR and the conventional OIA) in this section. beamforming vectors from multiple vectors in a codebook ev-
ery time slot. The codebook composed of transmit beamform-
A. MAX-SINR ing vector sets is denoted Iy = {ci,...,cs}, wherec; is

MAX-SINR has been shown to be an optimal opporthe concatenation of theth set of random unit-norm transmit
tunistic UE selection scheme in the sense of sum rate leamforming vectors, i.ec, = [wi’,, wi' , wi/ J# e CO*1,
far [5]. The receive beamforming vector of UR,i] is andsS is the size of the codebook. All the UEs and BSs know

VIAXSINR = viax(AL 'By,) to maximize SINR,, where the codebook’.
Ay, = 021+ P; Z;“f:m_# Hki,jijlekHi,j and B;,, = The UE selection and data transmission in COIA is shown
PsHy, ;w;w/Hf! .. The corresponding SINR is as follows:

Step 1: Each BS broadcasts pilots for channel estimation.
SINRy,, = )\max(A]:ilBki)- Every UE obtains channel estimatiokk;, ; andHy,, ;.



TABLE |

Step 2: Using the estima}ted channel informgtion, each UE E[4s+] OF VARIOUSK AND S.
calculatesS alignment metric values fo§ transmit beamform-
ing vector sets irC. The alignment metric value of UK, i) [S=1[S=2]S=3]5=4
for the s-th transmit beamforming vector set is K —10 | 0.9091 | 0.9351] 0.9461 | 0.9529
[wif HE Hy, w1 @ K =15 | 0.9375| 0.9559 | 0.9635 | 0.9680
Vhivs = T3 - " 5 : :
|Hy, i wir o] - [|Hy, o0 Wi |2 K =20 | 0.9524 | 0.9666 | 0.9725 | 0.9759

Each UE feeds the analog metric values back to the BS in its
own cell. Given number of UESK and codebook siz&, we can
Step 3: BSs exchange the analog feedback, then sel&&t the expectation efficiently becauBé) can be calculated
the preferred transmit beamforming vector set as well 8§ectly in MATLAB. TABLE [Ishows E[y,-] for various K
the corresponding served UEs. Regarding a specific trans@fid S. It can be seen that the expectation increases with the
beamforming vector set,, we first find the UE with the largest growth of S for the sameX’.
alignment metric value in theth cell and the corresponding Since the average rate of the selected UE increases as the

metric value, denoted by expectation of its alignment metric value grows [5], witte th
_ ~ help of (12), we can get the number of UESwith variable
Fis = B MEX Thivsr Vios = | Xy Thios: (9 codebook sizesS for the same expectation, i.e., the same

sum rate performance. For example, whEn= 20,5 = 1,
%HS*] = 0.9524. Then lettingd = 4 and setting the left hand
side value of[(IR) as 0.9524, we can get the required number
13 of UEs K = 10 for the same performance. Only half of UEs
Vo =3 D T (10) are needed in COIA witl§ = 4 codebook compared with the
=1

. . ) conventional OIA.
The preferred transmit beamforming vector set is then s=dec

After that, we calculate the average of the largest aligrtm
metric values of three cells far,, which is given by

among all sets in the codebook as C. Hybrid Criterion in COIA
. _ - The effective channel gain in MAX-SNR of UK, ] with
s$" = arg max7s, (12) ; . . .
1<s<S the s-th transmit beamforming vector is defined as
which means we choose the codeword to maximize the average Brrs = [ He, iwis|2. (14)

of the largest alignment metric values of three cells. Osics _ _ o _ o
determined, the selected transmit beamforming vectorter t We introduce a hybrid criterion witti(8) anfl (14), which is
i-th transmitter isw; s~ and the preferred UE being served irBIvén by

the i-th cell is k; s-. _ Qps = [0, (1= OV - Yass + 0 Bross (15)
Step 4: Each BS serves the selected UE with the preferred ,
transmit beamforming vector. wheref = ﬁz?fé = %’; and[z,0]" = max(z,0). The BSs
select the transmit beamforming vector set and UEs in the
B. Analysis of Codebook-Based OIA same way as that mentioned in Pari._ IV-A, except replacing

with the conventional OIA § = 1), the interfering signals of the proportion of the effective channel gain decreases laad t
the selected UE are aligned more and more closely when ct of OIA UE selection is enhanced. At very high SNR
codebook size Increases in COIA. ) . the hybrid metric value is almost equal to the OIA metric
The expectation of,- (i.e., the average of alignment metric 5 ye - With the proposed hybrid criterion adaptive to noise
value of the selected UE; ;-), is approximately given by 514 interference power, the COIA scheme achieves better sum

E[7s-] rate performance in both low and high SNR regions.
- . (12)
= (B(a,b))s P(a,b75') B(a5+k1+ —‘rksfl-i-l,b)7

whereB(-) is the beta functiong =

D. Threshold-Based Feedback in COIA

SK(K42) , _ 3(K42) In j[he OIA schgme proposed inl[5], every UE feedg back
v b= —g77» an alignment metric value to the corresponding BS, which we

K+1
and refer to as full feedbacki values are needed to complete a
P(a,b,9) UE selection in each cell. In COIA, if full feedback is adaghte
s s (1=b)gy- (1= b)s_, (13) the amount of feedback will b&” - S due to the utilization
= Z Z T T of the S size transmit beamforming vector codebook. The
(a+k1) (a—l—ks,l)k’l. ks_1! ]
k1=0 ks—1=0 feedback load becomes unacceptable wheis large. Here

See Appendix for the derivation df (12). we propose a threshold-based feedback technique to reueice t



feedback needs (by more than 75%) while preserving the sum
rate performance in COIA. Similar techniques are introduce
in [13], [14]. However, they take only signal and noise into
consideration and ignore interference, which degrades the
performance in multi-cell systems.

In the proposed threshold-based feedback scheme, each UE
compares its selection metric value to a predefined thrdshol
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T and decides locally whether it sends feedback to the BS, o s ket
only those who fall abové&™ are allowed to be fed back. BSs oo s s ° —o— K=10,5=4
make selections with the feedback. If no feedback is redeive 091 o ey 4 o o0t
by all three BSs, transmit beamforming vector set and UE in 0o O K002 ) ~0- k=205
each cell is selected randomly. U acosbookszes nswed

Choosing a proper threshold is critical. We first charaeeeri
the statistics of the alignment metrig¢ and the effective Fig. 1. Expectations and sum rates of full feedback codetmasied OIA of
channel gain3 in terms of cumulative distributive function Va"ouss and K. Ps = Py.

(CDF) and probability density function (PDF). (6) shows
the alignment metricy is related to the chordal distance
between two vectors. Using the results bfI[15],the CDF of FCEONTY =1 = F.(T). (24)
~, denoted byF,, (x) is given by

"The normalized average feedback lo&ds of COIA is

We can choose a proper threshd@ld®” with @4). It should
Fyz)=P(y<z)==z 0<z<l. (16) be remarked thaf'“©'"* is related tof, i.e., 7°°" is adaptive
: to noise and interference power, because we consider both
The PDF ofy is signal channel quality and interference condition in COIA.
flz)=1, 0<z<l. (17) s different formT"%" and TM*SNR as [2D) and{21) are only

functions ofT.
The effective channel gaifi is defined as[{4). With a certain

unit-norm vectorw, 3 has a central chi-square distributionE. Complexity Analysis

The CDF of5 is given by We analysis the computational complexity in the UE se-
_ _ - lection step of each UE in COIA briefly. Only complex
F, =PB<y)=1—eY(1+y), > 0. 18 LT . L
5(v) _(ﬁ <v) crlty), y= (18) multiplication is considered for simplicity. Assume thenmoer
The PDF off3 is of receive antennas i¥. For every vector set in the codebook,
_ the effective channel gain consum@&$N) computation, and
— Yy
fsy) =ye?, y=0. (19) operations ofo (V) are needed to get the alignment metric. So
The normalized average feedback loAdis defined as the 2S-O(NN) computation is required for each UE in COIA. Just
ratio of the average load per selection to the total amount ldfe MAX-SNR and the conventional OIA, the computational
full feedback ¢ S) in each cell. Apparently, with a thresholdcomplexity of COIA isO(NV). Note that we do not take the
T, we have computation of channel estimation into account here becaus
FOAT) =1 — F,(T) (20) it is necessary for receive beamforming regardless of UE

selection schemes.
and

FMAX—SNR(T) =1— Fy(T). (21) V. NUMERICAL SIMULATIONS

In this section, we simulate the performance of the proposed
COIA scheme. Preferred UErs are selected with different
schemes, then the selected Eexecutes MAX-SINR receive
beamforming. It should be mentioned that we focus on the
UE selection scheme while the receive beamforming vectors
design after UE selection is not studied in depth. The sumn rat
is obtained according to the equation

For a given feedback load requiremednt(e.g., 1/4), we can
get the thresholdI™©'* and TMAX-SNR with (20) and [(21),
respectively.

In COIA, the metric valuex is given by [I5). With [(TI7)
and [19), wherd < 6 < 1, the CDF of« is given by (we
omit the derivation due to space limitations)

1 e 70+ 2)

— , 0< 1-0 3
U A e = R =Y log,(1+ SINR;:), (25)
a(2) = e o (0+z—61+09(29—1+z)) ‘ =t
— ,2>1—0 where SINR- can be obtained by {3). Perfect channel esti-
(1-0)0 s 2R
(22) mation is assumed at all the UEs.
When6 > 1, o = 0 - 3, the CDF ofa is given by Fig. [1. a shows the expectation of the alignment metric

. B value of the selected UEs in the codebook-based OIA. It
Fa(z)=1-e?(1+5), 220 (23) is clear that the expectation increases with the increase of



1 : : : : : to (22), [23) and[(24). MAX-SNR scheme outperforms the
conventional OIA [[5] and even codebook-based OIA in the
low SNR region but gets significant performance degradation
at high SNR. The proposed COIA with = 4 codebook
approaches better sum rate performance than MAX-SNR and
the conventional OIA in all range of SNR. In COIA, the

12r

10r

Sum Rate (bps/Hz)

_® omrar sum rate performance of threshold-based feedback is almost
o omuers 1 the same as that of full feedback, which means the proposed
O MAX-SNR, FullFB COIA with threshold-based feedback outperforms MAX-SNR
To aconm vare | and the conventional OIA with the same feedback load.
—[P— MAX-SNR, 1/8 FB

5 20 2 30 VI. CONCLUSIONS

SNR (dB)
In this paper, we have proposed a codebook-based oppor-
Fig. 2. Sum rates of threshold-based feedback OIA and MAXRSK = tunistic interference alignment with a hybrid selectioiterion
10, Ps = Pr. and threshold-based feedback in a three-cell MIMO downlink
system. A codebook composed of multiple transmit vector
" ‘ ‘ ‘ ‘ ‘ sets is utilized to improve the multiuser selection divgrsi
Effective channel gain and alignment metric are combined to
generate a novel metric for a wide SNR range of application. A
i threshold is employed to reduce the feedback load in COIA.
Both the analytical results and simulations indicate thet t
proposed COIA scheme provides higher sum rates in wide
SNR region than the conventional OIA scheme with the same

14

12+

10

Sum Rate (bps/Hz)

o sk feedback load. In the future, we will focus on the COIA
°l —s—omini@ | scheme with multiple data streams for each UE.
—&— OIA-C4
4t —4— COIA-C4 ,
COIA-CA-TFB APPENDIX
% 5 10 15 20 2 20 Defined in[(9), it can be proved easily that, ~ Beta K, 1)

SNR (dB)

in a similar way to[[5], where Beta) is the beta distribution.
We omit the proof due to space limitations.

Lemma 1. ( [16]): Let S = Zf:i X; where X; are i.i.d.

. random variables of Beta(a, ). The distribution of S can be
codebook sizes for the same number of UEK. Further, the approximated by:

configurationkK = 10, S = 4 has almost the same expectation
asK = 20,s = 1 has. Fig[L. b shows the sum rates of full Beta(e, f);e = Ff, f = F (26)
feedback codebook-based OIA. The sum rates increase with s o1+ F)?

the growth of K" and S, especially at high SNR. Onli = 10 where £ = SSE[X;], F = £, and 0% = 3" Var(X;).

UEs are needed it = 4 codebook-based OIA to achieve a o ]
almost the same sum rate performanceias 20 UEs in the ~ AS %is,? = 1,2,3 are i.i.d. beta-distributed random vari-
conventional OIA (i.e.,S = 1), which is consistent with the @bles, using Lemma 1, we can considerdefined by[(ID) as

Fig. 3. Sum rates of various opportunistic UE selection se®e K =
10, Ps = Pj.

analytical result in ParL_TV-B a new beta-distributed random variable, i®.,~ Betda, b),
. ) _ 3K(K+2) ; _ 3(K+2
Fig. [ shows the sum rates of threshold-based feedbd¥Rerea = 1(<+1 b=

KA1 o _
OIA and MAX-SNR with various feedback load requirment L&t = 7s- for convenience, the explicit expression of the
F. In OIA, the threshold valug™©"” is 0.5, 0.75 and 0.875 expectation of the maximum of i.i.d. beta-distributed ramd
when F(TO%) is 1/2, 1/4 and 1/8, respectively. In MAX- varablesyi, ..., 7s is
SNR, the threshold valug™A*S\R is 16785, 2.6925 and  E[y,] = E[ max 7.] = E[z]

r : - s 12ats 10
3.6070 whenF (TMAX-SNR) s 1/2, 1/4 and 1/8, respectively. =0

The sum rate loss is negligible with 1/2 and 1/4 feedback load = /1 z- fx(z)de = /1 z- Sf(z)(F(z)® td 27)
in the threshold-based feedback scheme. It means thate larg 0 . ° .

reduction of the feedback is possible while preserving robst _ / A ) (L (a, )% dz

the sum rate performance. 0 B(a,b) ’ '

In Fig.[3, the sum rates of various schemes are shown witlhere B(-) is the beta function and,(-) is the regularized
K = 10 UEs in each cell and’s = P;. The word “C4” in incomplete beta function. Using the series expansion
legends means the codebook ske- 4. The threshold-based PR L
feedback scheme is marked as “TFB”. For a fair comparison, I, (a,b) = x Z (1—b)xx
we choosd"C°" = 1/5 = 1/4 and calculatd’“°"* according ’ B(a, b) (a+k)k!

k=0



(Z7) can be expressed as

E[WS*]

S Lo e (
= B [, 0" (IZ

S—1
1-— b k:E )
k=0 a+ k k!

S

 (B(a,b))”

s b)kl---(l—
x> Z k,
a—|— 1

k1=0 kg_1=0

1
></ m“s+k1+"'+k5*1(1 —m)bild:c
0

S

b)ksq
(a + ](3571)]&‘1! S

ks—1!

a (B(a b))*

1 - b) (1 - b)kS—l
CL—|—]§)1 (a—|—ks,1)k1!~--

DI

k1=0 ks_1= 0
X B(aS + ki +---

ks—1!

+ kS*l + 17b)7

where (-); is the Pochhammer symbol defined @s
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[11]
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+1)- (w4 k—1).
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