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Abstract

In this paper, we investigate the degrees of freedom (DoF) of a multi-cell multi-user
multiple-input multiple-output (MIMO) interference broadcast channel (IBC) with
non-cooperation distributed base stations (BS), where each BS serves users of its
corresponding cell. When all BSs simultaneously transmit their own signals over the same
frequency band in the MIMO IBC, the edge users in each cell will suffer the inter-cell
interference (ICI) and inter-user interference (1UI) signals. In order to eliminate the ICI and
1UI signals, a distributed space time interference alignment (DSTIA) approach is proposed
where each BS has only limited access to distributed moderately-delay channel state
information at the transmitter (CSIT). It is shown that the DSTIA scheme can obtain the
appreciate DoF gains. In addition, the DoF upper bound is asymptotically achievable as the
number of antenna at each BS increases. It is shown that the DSTIA method can get DoF
gains over other interference alignment schemes with delayed CSIT in literature. Moreover,
the DSTIA method can attain higher DoFs than the 1A schemes with global CSIT for certain
antenna configurations.
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1. Introduction

Interference alignment (1A), which was first introduced in [1], is a representative

interference management approach to effectively eliminate interference in wireless
interference networks. The main idea of 1A is aligning interference signals into lower signal
space dimensions so that each receiver can obtain more interference-free signal space
dimensions. The authors in [2] enlarged the idea of IA method to a K-user interference

channel and demonstrated that the degrees of freedom (DoF) of K/2 can be obtained. DoF
is a useful metric in characterizing the capacity of wireless networks.

1.1 Related work

Since the traditional 1A technology needs global channel state information (CSI) at the
transmitter (CSIT) to construct precoding matrices, distributed nature of the users and
delayed CSIT are major barriers to preform IA. In order to overcome the feedback delay
problem, Maddah-Ali et al. proposed a retrospective interference alignment (RIA) and
showed that the global delayed CSIT can also be utilized to increase the DoF [3].
Subsequently, global delayed CSIT was exploited in a variety of interference networks [4-7].

Obtaining global CSIT is another bottleneck among distributed transmitters. To address
this problem, Lee et al. proposed the space time interference alignment (STIA) method by
using the local moderately-delayed CSIT [8-9] in the independent and identically distributed
(i.i.d.) block fading channels. In [9-10], the authors show that the local moderately-delayed
CSIT can effectively increase the DoF in the multiple-input single-output (MISO) broadcast
channel and multiple-input multiple-output (MIMO) X channel, respectively.

IA is a still useful method to reduce inter-cell interference (ICI) and inter-user interference
(1U1) signals dimensions in cellular interference networks [11]-[19]. The authors in [12] used
the grouping 1A method and showed that the optimal DoF is achievable in the MIMO
two-cell two-user interference broadcast channel (IBC). The grouping 1A scheme was further
extended to MIMO multi-cell IBC in [18]. In [24], the authors show that the quality of the
desirable link can be enhanced based on bidirectional relaying protocol and successive
interference cancelation technique for the two-cell network with a two-way relay. The
authors in [19] proposed the 1A method based on linear beamforming strategies in the MIMO
IBC with arbitrary number of users per cell. In [23], the authors study the multi-cell system
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with a multi-antenna two-way relay and show that the quality of signal reception can be
improved based on the optimum relay precoder. In [22], the authors show that the irregular
antenna arrays can maximize achievable rate in massive MIMO systems.

It is worth noting that the above DoF results in [11]-[19] are obtained under a requirement
of global CSIT. In practical scenarios, it is unreasonable to ignore the impact of feedback
delay. Recently, the authors in [20] first exploited the delayed CSIT to obtain a higher DoF
than the time division multiple access (TDMA) scheme for the two-cell MIMO cellular
interference network. The authors in [21] applied the RIA scheme in [3] to the two-cell
two-user MIMO IBC and showed that sum-DoF can be promoted by using the delayed CSIT.
The existed 1A schemes with two cells cannot directly be extended to multi-cell multi-user
IBC. The achievable DoF is still unknown for the MIMO multi-cell multi-user cellular
interference network. Hence, we need to explore whether local CSIT can increase DoF gains
in the MIMO multi-cell multi-user IBC with non-cooperation distributed base stations (BS).
Another interesting question is that whether the delayed and current CSIT can also be
utilized to align both ICI and IUI signals? We would like to address the problem in this

paper.
1.2 Main contributions

We aim to investigate the obtained DoF of the multi-cell multi-user IBC with
non-cooperation distributed BSs, where each BS serves users of its corresponding cell. When
all BSs simultaneously transmit their own signals over the same frequency band in the
MIMO IBC, the edge users in this scenario will receive both of ICI and Ul signals. The key
for obtaining higher DoFs is jointly exploit the overheard ICI and Ul information at each
user when there is only local moderately-delayed CSIT at each BS. For this purpose, we
propose a distributed space time interference alignment (DSTIA) method to investigate the
obtained DoF of the MIMO IBC. With the help of local moderately-delayed CSIT, the
proposed approach can align both of ICI and 1UI signals over the timeline of the past and
current interference patterns, thereby providing more interference-free signal space
dimensions at each user. Our main contributions in this work are listed as follows:

1. We first analyze the transmission mode of the two-cell two-user MIMO IBC with
distributed and moderately-delayed CSIT. With the proposed DSTIA scheme, we obtain the
new achievable DoF for the two-cell two-user MIMO IBC. Then, we extend the proposed
DSTIA scheme to the L-cell K-user MIMO IBC. The DSTIA scheme performs in a
distributed manner, yielding reduced feedback overhead for acquiring CSI.

2. We verify that the simulation results of the DSTIA scheme are consistent with
theoretical DoF gains. we show that the proposed method can attain a higher DoF than the
scheme in [8]. In addition, we analyze the sum-DoF performance of the DSTIA scheme
when the number of antennas at BS increases gradually. The result implies that the DSTIA
approach can asymptotically obtain the DoF upper bound when the number of antenna at
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each BS is large enough. Moreover, we compare the achievable DoFs among the DSTIA
scheme, the RIA scheme in [21] and the IA schemes in [18] and [19], where local delayed
CSIT, global delayed CSIT and global instantaneous CSIT are available respectively.
Specifically, the proposed DSTIA approach can provide significant DoF gains over the RIA
scheme [21], as well as a better performance compared to the IA schemes in [18] and [19]
for certain antenna configurations. This implies that the strict condition of global CSIT is not
necessarily required in some scenarios and can be gradually degraded.

This paper is organized as follows. In Section 2, we describe the system model. In Section
3, we introduce the DSTIA scheme and the achievable DoF of the MIMO IBC is investigated.
The numerical simulations are presented in Section 4. In the end, this paper is concluded in
Section 5.

Notation: For any matrix A, rank(A), A™"andA” denote the rank of A, inverse and

Hermitian transpose of A, respectively.

2. System model
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Fig. 1. The L-cell MIMO interfering broadcast channel

2.1 Channel model

We consider an L-cell MIMO IBC with K (K > 2) users per cell in Fig.1, where each BS has
M antennas and each user has N antennas. For notation convenience, we refer to the k-th user
inthe I-th cell as user [I, k], e L={1,2,...,L} and ke K={1,2,...,K}. In the considered
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channel, all nodes are located in the same frequency band and the i-th BS intends to send an
independent message W."*! to its corresponding user [i, k]. When each BS simultaneously

transmits data streams, each user will receive both of ICI and IUI signals. The received
signal at the user [l, k] is given by

Yix() :ZHi[IYk](n)Xi(n)+zl,k(n), (1)

where HII(n) denotes N xM channel matrix from the i-th BS to the user [l, k] at the
n-th time slot, x;(n) denotes the M x1 transmit signal vector at i-th BS, y, [n] denotes
the N x1 received signal at the user [l, k], z,(n) denotes the N x1 additive white

Gaussian noise (AWGN) vector at the user [l, k]. It is assumed that each BS has only local
CSI and the feedback link has T, delay. In other words, the i-th BS can access to the local

st HMIn-T, |={H"(@),H"(2),...,H™(n-T,)} up to time slot n for the user [I, K].

The channel is assumed to be an ideal block-fading channel, i.e., channel values are invariant
for the channel coherence time T. . The transmit power at each transmitter is assumed to be

P, ie., E(||xi(n)||2)§ P . Each user can obtain an accurate estimate of its CSI. The noise
terms are neglected in DoF analysis due to the fact that noise does not affect DoF.

2.2 The CSI feedback model in block fading channels

Two symbol time feedback delay coherence time
Ty =2 T, =3

Csl
Feedback

@@@@IZIIZI@@ Time slot

Time slot index for delayed CSIT((Q)) Time slot index for current CSIT ([])

Fig. 2. lllustration of the CSI feedback in the block-fading channel

Following [8-10], each BS can obtain error-free but partially delayed CSI through feedback
links. It is assumed that the channel coherence time is larger than the feedback delay, i.e.,

Ty <T.. Since the channel coefficient is constant in every channel block, each BS can

obtain the current and delayed CSI. For instance, as illustrated in Fig. 2, we assume that the

feedback delay T, isequal to 2 and the channel coherence time is equal to 3. Each BS can
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obtain the current CSI in time slot 3, 6, 9, 12 and 15. To represent the delay characteristic of
CSI, we define a parameter A called the normalized CSI feedback delay, i.e.,
T
A= (2)
TC
The case of 1>1 means that the CSI is completely delayed. This paper considers the case
of 0<A<1.

2.3 Degrees of freedom

According to [8-10], the achievable rate of each user depends on parameter A and
signal-to-noise ratio (SNR). The achievable rate per time slot of the user [i, k] over n time
slots can be written as

log, [W,"(4,SNR) |

RIM(A,SNR) = . (3)
The DoF of the user [i, k] can be given by
_ ikl
4 _ R"“(1,SNR) . (@)

log,(SNR)
The sum-DoF of the L-cell MIMO IBC with K users per cell is defined as

L K
DoF,, =
i=1 k=1
) . 5
g 0
7 ka SVR>>log, (SNR)

3. The Proposed Distributed Space-Time Interference Alignment
In this section, we explain the proposed DSTIA scheme in detail. For convenience, we

denote (L,M,N,K) for the L-cell MIMO IBC with K (K >2) users per cell, where each

BS has M antennas and each user is equipped with N antennas.

3.1 Motivating example

We propose a DSTIA transmission scheme emphasizing the design of ICI and Ul
alignment matrices at each BS. As a motivating example, we first consider a simple case

with the system configuration (L,M,N,K) =(2,6,2,2). In addition, we focus on the special

T
case of A= T—fb =%, i.e., each BS has access to current CSIT over two-thirds of the channel

C
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coherence time. Particularly, we select five time slots ne{1,4,9,12,15} for our DSTIA

transmission scheme where the value of selected time slot belongs to a different channel

block. Noteworthy, the transmitter has access to outdated CSIT in ne{1,4} and both of
current and outdated CSIT in ne {9,12,15}. In addition, we perform the TDMA scheme in

other time slots as a time-sharing technique. We show that the sum-DoF of 24/5 can be

achieved, i.e., 24 independent data streams will be transmitted without interference over 5
time slots. The proposed DSTIA scheme involves two steps: redundancy transmission and
interference alignment of ICI and IUIl. We explain how each of these steps is performed to
achieve the stated DoF.

1) Redundancy transmission

This step uses two time slots, i.e, ne{l4}. In time slot 1, BS1 transmits the

superposition of signals without precoding and BS 2 keeps silence. The transmit signal at the
BS 1 is given by

X, (1) = st 4 st (6)

T T .
where s[“]z[sl[“] sgl'”msgl'”] and 5[1,212[31[1,21 sgl*z]msél'ﬂ denote the signal from BS

1 to user [1,1] and user [1,2], respectively. In time slot 1, the received signal at each user is
given by

Vi@ = HMI@QE +54), 1k e{1,2}. (")

Note that HI"!(1) is the N xM =2x6 channel matrix and s™ consists of 6 data

[L1]

streams. If we want to decode s, we need to provide 6 interference-free linear

independent equations. Moreover, although user [2,1] and user [2,2] only can receive the ICI
signal in time slot 1, the overheard ICI signal in time slot 1 is still useful to eliminate ICI
signal in step two.

Similarly, in time slot 4, BS2 sends the superposition of signals without precoding and BS
1 keeps silence. The transmit signal at the BS 2 is given by

X, (4) = s 4 ¢127 (8)

T T . R
where s*! =[51[2'” s> -~sg2*”] st =[sl[2'2] sf22l ~~sf[f'2]} . In time slot 4, the received
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signal at each user is given by
Y1 (4) = HY(4)(s® +s4), 1 ke{1,2}. )

The goal of the interference alignment step is to provide the 6 interference-free linear
independent equations for each user.
2) Interference alignment of ICI and IUI.

This step uses three time slots, i.e., ne {9,12,15}. In each time slot of this step, each BS

sends a superposition of previously transmitted symbols by utilizing the linear beamforming
matrix as

X, (n) = VI (n)st + VA (n)st? n € {9,12,15} (10)

X,(n) = VI (n)st?Y + v (n)s?? n {9,12,15} . (11)

The received signal at each user is given by
Vi (n) = HE () (VI (n)s + V2 (n)st)
’ . (12)
+HIM () (VI (n)sB + VEA(n)s®4), n e {9,12,15}
The central idea for constructing the precoding matrix is aligning the ICI and 1UI signals in

time slot ne{1,4} and ne{9,12,15}. Therefore, BS 1 and BS 2 construct the precoding
matrices V(n), V*(n), VEI(n) and V%(n) to satisfy

{HEDM)VEA(n)=HE (1), HEH (n) V29 (n)=HE (4), HE () VI (n)=HE(4)}, (13)

{HE )V (n)=HE (), HE? (n) VI (n)=HE2(4), HE2 (n) VP2 (n)=HE(4)}, (14)

{HES()VES (n)=HEA (1), HE () VI (n)=HE (1), HEH () VEA (n)=HEA (4)}, (15)

{HEA)VEI(n)=HEA (1), HE A (n)VEA (n)=HE (), HE D () VED (n)=HE 2 (4)}, (16)

where n e{9,12,15} and (13),(14),(15) and (16) are designed for aligning IUI and ICI of
user [1,1], user [1,2], user [2,1] and user [2,2], respectively. For example, we list the

condition of V™?(n) as
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H;(n) H (1)

HEA () V=] HEYQ) | ()
—

ng,z](n) MxM H£2,2](1)

G=3NxM F=3NxM

Since 3N xM =6x6 is a square matrix, the inverse matrix of G in (17) exists with
probability one. Therefore, V*4(n)=G™F. It is noteworthy that V™?(n) can also be

found as the pseudo-inverse matrix of G exists, i.e., the condition of M >3N can be
satisfied.

Similarly, V®(n), V¥#4(n) and V% (n) can be found and (13), (14), (15) and (16)

hold.

3) Decoding

For each user, it can eliminate all ICI and 1UI signals and obtain 6 interference-free linear
independent equations by performing interference cancellation, i.e.,

Vi (M =y, ()—-y, (4), ne{9,12,15}. For instance, we explain the decoding process for

user [1,1]. Concatenating the received signals over 5 time slots, the equivalent input-output
relationship at user [1,1] is

Y12 Yo @yna(4) | | HET©)VE(9) - HI(D)

yl,l (12)'y1,1 (1)'y1,1 (4) = HEM] (12)\/[1'1] (12) - HEM] (1) S[M] . (18)
Y1:(19)-y;;(1)-y,,(4) HEM] (15) v 15)-H 51'1] @
6x1 F|1:6x6

Since all precoding matrices V!"(n) (ne{9,12,15}) are independently generated, the

effective channel H, for user [1,1] has a full rank almost surely, i.e., rank(H,)=6. As a

result, user [1,1] can decode 6 desired symbols in 5 time slots. In the same way, other users
can decode 6 desired symbols in 3 time slots. As a result, 24 desired symbols can be
transmitted in 5 time slots, which implies that the sum-DoF of 24/5 can be achieved. It is

worth noting that the sum-DoF is calculated during five time slots n e{1,4,9,12,15}. The

main reason is that the TDMA scheme does not impact the achievable DoF of the DSTIA
approach when the time slot n — co. The detailed explanation will be presented in section
3.2.
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3.2 The general system

The following theorem establishes the achievable DoF of the MIMO IBC with general
system configuration.

Theorem 1: For the L-cell K-user MIMO IBC with moderately-delayed local CSIT, we
can show that the following DoF is achievable:

_LKNA _ _|M
T M= (L-DKN, A {NJ (19)

1A

DoF.

sum

where T,=A+L represents the number of time slots by using the proposed DSTIA

method.

Proof: Without loss of generality, it is assumed that Q+T,, —1 channel blocks contain
TA(Q+T,—1) time slots. Therefore, each channel block contains T, time slots, i.e.,

T. =T, . The set of time slots S, ={1,2,...,TIA (Q +T,A—1)} is defined to transmit data
streams. Further,

we define Q time slot sets {ll,lz,..., IQ}, each of which contains T, time slots, i.e.,

I :{tq,vtq,z’--'vth.A}’ where qe{l,2,...,Q}. In the time slot I , we apply the DSTIA

q’

scheme. It is worth noting that each time slot of 1, belongs to a different channel block.
Then, the achievability of sum-DoF will be proved for each time slot set |,. For simplicity,

the index | is omitted, i.e., I, :{ti,tz,...,tTlA}. The proposed transmission scheme involves

two steps.
1) Redundancy transmission

This step uses L time slots, i.e., ne{t,t,,...,t.}. In time slot t (ieL), the i-th BS

sends the following signal without precoding and all of the j-th ( j € L\i) BSs keep silence.

The transmit signal at the i-th BS is given by

X; (t;) = s 4+ st 4 gKT (20)
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§
where s“'k]=[s{"k],sgi“,---,s,[j,;"],o---o} . Since A:{MJ and the condition of NA< M
—_— N

M-NA
holds, each BS can utilize M antennas to send NA data streams and M — NA zero elements.

Intimeslot t (ieL),the received signal at each user is given by

Yy () = HI () (s 4+ st 4 Ty @1)
Note that H'"™I(t) isthe NxM (N <M ) channel matrix and s consists of NA data
streams data streams. If we want to decode s'*! at user [i, k], we need to provide NA

interference-free linear independent equations for the data stream st"*1. At the end of step

one, each user receives K-1 U1 signal vectors and L(K-1) ICI signal vectors.
2) Interference alignment of ICI and Ul
This step takes A time slots for providing NA interference-free linear independent

equations, i.e., neft ..t - t,, }. Inthe time slot n, each BS sends a superposition of
previously transmitted data streams by utilizing the linear beamforming matrix as
X. (n) _ V[i,l](n)s[i,l] n V[i,Z](n)S[i,Z] bt V[i’K](n)S[i'K], ne {tL+1’tL+2’”"tA+L} i (22)

The received signal at each user is written as

Y1 (0) = Y HMI () (VIS ()t VI ()si2 4o VKIS, e ft oot ) (23)
i=1

The key idea for constructing the precoding matrix V"*(n) is aligning the 1UI signals in

the I-th time slot and the ICI signals in the j-th (je L\Il) time slot with the 1Ul and ICI
signals in time slots ne{t_,,t_,,.-t,,} foruser[l, K]. Then, we construct the precoding

matrix V'(n) as:
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H(m) | HM) |
HE A (n HOS@w) | _
O a2 Tl ek, Rek k. (2a)
HIS() [ [HIG)
HI(n). HIR() |
S —
C=(LK-1)NxM D=(LK-1)NxM

Since the condition of M > (LK -1)N can be satisfied, the pseudo-inverse or inverse

matrix of C existsand V!*(n) exists with probability one.

3) Decoding
For each user, it can eliminate all ICI and 1UI signals and obtain NA interference-free
linear independent equations by performing interference cancellation, i.e.,

L
y,'k(n)—(Zy,'k(ti)j (ne{tL+1,tL+2,---,tA+L}). For instance, we explain the decoding step
i=1

for user [1,1] in detail. During time slots, the received signals at user [1,1] is written as

_ . _
yl,l (tL+1)' (Z y1,1 (ti )j
HE (1 )V (1) - HEY )

L
Y11 (t..)- (; Y11 (t )] - HEM] (t.. )V[lyl] (t~|_+2 )— Hgl'll @ gl 21,1 . (25)

. L ‘ Hgl’l] (tA+L)V[lYl] (ta) - HEM] @ |
yl,l(tA+L)-(zy1,1(ti)J F=NAxM
L =) i

Y=NAx1

where H denotes the equivalent channel matrix for user [1,1], Zi1 represents the
equivalent noise at user [1,1]. It is worth noting that all precoding matrices V!"*!(n)
(neft.,.t,,, -ty }) are independently generated and T,, = A+ L. Therefore, the rank of

the effective channel H is equal to NA, i.e., rank(H,) = NA. Therefore, user [1, 1] is able

to decode NA desired symbols in T,, time slots. In the same way, NA desired symbols can
be decoded at user [l, k] during T, time slots. Consequently, a total of LKNA desired
symbols can be transmitted in T, time slots without interference, which implies that the
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LKNA . . . LKNAQ
DoF is achieved. Hence, for the total time slot set Q,

TIA TIAQ

over Q time slot sets.

DoF is achievable

LKNAQ
TIAQ

Note that the total resource is S, :{1,2,...,T|A(Q +T,A—1)}. It is shown that

DoF can be obtained over Q time slot sets (T,,Q time slots), i.e., |I1U l,...U In|:T,AQ.

For the remaining T, (T,, —1)time slots, we use a time-sharing technique between the
DSTIA approach and the traditional TDMA method. By using the TDMA scheme, we can
achieve additional NT,, (T,, —1) DoF for the remaining T, (T,, —1) time slots. Therefore,

the sum-DoF of this network can be given by

_ LKNAQ +NT,, (T, —1) 2> LKNA

DoF,, = (26)
TIAQ +T|A (TIA _1) TIA
L ) A
Consequently, as Q goes to infinity, the sum-DoF can be achieved as . We thus

complete the proof of Theorem 1.

Remark: Different from the scheme in [18, 19] with global CSIT, the beamforming
matrix design of the proposed DSTIA scheme is only based on moderately-delayed local
CSIT. Therefore, the proposed DSTIA scheme can reduce the amount of CSI feedback
significantly. Furthermore, studying the DoF of the MIMO IBC with moderately-delayed
local CSIT can provide a heuristic thought, where the delayed CSIT at each BS and the
overheard interference information at each user can also be utilized to align both ICl and 1UI
signals.

4. Numerical Results

We demonstrate that the DSTIA scheme exactly attains the promised DoF obtained in
Section 3. In order to explain the advantages of the proposed approach, the DSTIA scheme is
compared with the traditional TDMA method, the 1A approach with delayed CSIT in [21]
and the IA schemes with global CSIT in [18] and [19]. The sum-rate simulation results are
averaged over 10000 independent Monte Carlo runs.

We first explain how to calculate the sum rate of the MIMO IBC by applying the DSTIA
method. Without loss of generality, we calculate R™  as a representative. According to (25),
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the received signal at user [1,1] is given by

Y =Hs" + Z1, 27

where H denotes the equivalent channel matrix for user [1,1], Zi1 represents the

equivalent noise at user [1,1]. According to [8-10], the sum rate R™ s written as

RET _ log, [det(l + PF'Z—II:'*)]
T

: (28)

1A

where ZzE[ZM(ZM)*J, det[] and E[-] denote the determinant and expectation

operation, respectively. The sum rate R™! (ieL, k e K) can be computed in a similar

way. The sum rate of this network is calculated by (29).

Rum = Zi RN, (29)

L
i=1 k=1

Fig. 3 illustrates the sum rate of the DSTIA scheme according to different system
configurations. The value of each system configuration is chosen according to Theorem 1.
The sum rate of the MIMO IBC is calculated by (29). It is worth noting that the slope value
of the sum rate curve is equal to DoF/10lg2. It is shown that the slopes of the curves
(4,24,2,4), (5,40,2,5), (6,60,2,6) and (7,84,2,7) are 24, 40, 60 and 84, respectively when SNR
is high enough. This result shows that the simulation result is consistent with theoretical DoF
in Theorem 1.
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Fig. 3. The sum rate for the MIMO IBC with various antenna configurations
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Fig. 4. Comparison of sum rate performance among different schemes under the same system

configuration (L, M, N, K)= (2, 24, 4, 2)

We compare the DSTIA scheme with traditional TDMA scheme and the STIA scheme in [8].
In order to avoid ICI and Ul signals, the conventional TDMA method needs LK time slots to
transmit streams. In each time slot, one of BSs transmits independent data streams to its
corresponding user and the remaining BSs keep silence. Consequently, N DoF can be
trivially obtained by utilizing the TDMA scheme. The STIA scheme in [8] can utilize
precoding technigue to eliminate 1UI signals in this network. The STIA scheme cannot align
ICI signals and need L time slots to send interference-free signals. Thus, the DoF of KN can
be obtained by using the STIA scheme. Fig. 4 shows the sum rate result, which compares the
above three schemes under the same system configuration. It is illustrated that the proposed
method provides about 200% and 50% DoF improvement compared to the TDMA scheme
and the STIA method, respectively. The primary cause is that the proposed DSTIA scheme
can use the delayed CSIT and the overheard interference information at BS to eliminate both
ICI and 1UI signals.
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Fig. 5. The sum-DoF of the MIMO IBC

In Fig. 5, the sum-DoF of the MIMO IBC by using the proposed DSTIA scheme is given
according to the number of antennas at BS M. In Fig. 5(a), we assume that N=2, K=3, L and
M vary in the range of [2, 4] and [6, 64], respectively. It is shown that the sum-DoF increases
gradually when the value of M get larger. This implies that the proposed DSTIA scheme can
utilize the signal space at each BS so that more ICI and IUI signals can be aligned into signal
space at each user. However, it is worthy note that the sum-DoF does not increase at some
specific values of M. For example, the sum-DoF does not increase when the value of M
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varies from 19 to 20 for the curves of (3, 2, 3) in Fig. 5(a). The main reason is that the

obtained DoF is related to |_M/NJ and the floor operation will keep the sum-DoF constant

at some specific values of M. In Fig. 5(b), It is assumed that (L, N, K)=(2, 2, 3) and the value
of M belongs to [6, 128]. For comparison, we also consider the DoF upper bound and the
RIA scheme in [21]. The RIA scheme can utilize the delayed CSIT to obtain 32/7 DoF. In the
MIMO IBC with N antennas per user, when the number of antennas at BS M is larger than
KN, each user can receive N interference-free data streams at most in each time slot.
Therefore, the DoF upper bound is LKN. It is shown that the achievable DoF of the RIA
method is always 32/7 when the number of antennas at BS increases. The primary cause is
that the RIA method cannot fully utilize signal spaces at BS to align more interference
signals. Furthermore, it is shown that the sum-DoF is close to the DoF upper bound when the
value of M is large. This result implies that the proposed DSTIA method can asymptotically
obtain the DoF upper bound when the number of antennas at each BS is large enough which
will be very useful in the massive MIMO system.
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(a) System configuration (L, N, K)=(2, 6, 2)
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Fig. 6. DoF comparison based on different schemes.

Fig. 6 plots the DoF results achieved by different schemes. In order to compare the DSTIA
scheme with the RIA scheme in [21], the system configuration is set as two cells. The RIA
scheme can utilize the delayed CSIT to obtain 3/7 DoF per user. In Fig. 6(a), it is assumed
that (L, N, K)=(2, 6, 2). It is shown that the obtained DoF of the proposed DSTIA approach is
higher than the obtained DoF of the RIA scheme. In Fig. 6(b), we compare the proposed
DSTIA scheme with the 1A scheme by using global CSIT, i.e., the MAC-BC duality based on
IA scheme (MIA) in [18] and the transceiver design based on IA (TIA) in [19]. In [18], the

required system configuration is M >(K(L-1)+1)xd and N>((K-1)(L-1)+1)xd,

where d denotes the number of interference-free data streams per user. When the values of L,
K, M and N are given, the number of d can be obtained directly. Similarly, the achievable
DoF in [19] can be obtained. Although the TIA scheme can outperform the DSTIA and MIA

scheme in the range of M e[27,36], the obtained DoF of the proposed DSTIA method is
still higher than the MIA scheme in the range of M [24,36] and the TIA scheme in the

range of M [24,26]. The main reason is that the IA schemes with global CSIT cannot

fully utilize signal spaces at BS to align more interference signals when the number of
antennas at each user is small. However, the proposed scheme can take advantage of the
antennas at each BS to transmit more interference-free data streams according to the design
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of ICI and IUI beamforming matrices with the current and outdated CSIT. This implies that
the strict condition of global CSIT is not necessarily required in some system configurations
and can be gradually degraded.

6. Conclusion

In this paper, we investigated the DoF of a multi-cell multi-user MIMO interference
broadcast channel with non-cooperation distributed BS. The DSTIA scheme was proposed to
eliminate the ICI and IUI signals by using the distributed moderately-delayed CSIT. We
showed that the DSTIA scheme can obtain the achievable DoF and asymptotically achieve
the DoF upper bound when the number of antennas at each BS is large enough. From the
numerical simulation results, it was shown that the DSTIA approach can provide significant
DoF gains over the conventional TDMA scheme as well as other 1A schemes with delayed
CSIT in literature. In addition, the DSTIA scheme can obtain higher DoFs than the IA
schemes with global CSIT for certain antenna configurations. It is an interesting future topic
to study the DoF of the full duplex multi-cell multi-user MIMO cellular interference channel.
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