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Abstract
Interference alignment (IA) has been recognized as a promising technique for obtaining the op-

timal degrees of freedom (DOF) in interference networks. A closed-form interference alignment de-

sign is proposed for three-cell uplink transmissions with heterogeneous DOFs. By exploiting the het-

erogeneity of DOFs from different transmission links, full or partial interference alignment precoders

are calculated at each base station (BS). Aided by information exchange among BSs, the precoders

can be finally obtained for all transmission links. Comparing to existing IA methods, the proposed

scheme has a closed-form expression. Furthermore, there is no need to go through the iterative adap-

tation or jointly calculate the precoder and the equalizer. Simulation results show that the proposed

design is able to achieve the optimal DOF performance with the advantage of perfect alignment capa-

bilities.
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0 Introduction

Interference alignment (IA) has been developed
as a promising technique for interference management
in wireless networks. By aligning interference signals
from different links into a subspace with reduced di-
mensions, the dimensions of the subspace for the de-
sired signals can be enlarged so as to further improve
network capacity''’. Since TA is able to achieve new
breakthroughs on the optimal DOF, a great deal of re-
search activities have been inspired to investigate vari-
ous aspects of IA from theoretical analysis to practical
design'*?

Among various design approaches, heterogeneity
of network topologies has been utilized to obtain pre-
coders for the wireless transmissions. In Ref. [4], a
hierarchical interference alignment scheme was pro-
posed for heterogeneous networks by exploiting different
numbers of transmit antennas of picocells and macro-
cells. In Ref. [5], characteristics of the partial con-
nectivity for downlink multiple-input multiple output
(MIMO ) heterogeneous networks were investigated.
The work in Ref. [ 6] used the heterogeneous path loss
and spatial correlations to design the interference align-

ment precoders in MIMO interference networks. To fur-
ther reduce the signaling overhead, work in Ref. [7]
proposed a cognitive radio ( CR) based interference
alignment scheme by treating the macrocell and small
cells as the primary system and secondary systems, re-
spectively. Besides the precoder design in interference
networks, recently, research work focusing on network
performance analysis with co-channel interference mod-
eling and spatial spectrum analysis was presented under

random cellular networks'®*’

, which provide new in-
sights for the analysis of interference networks.
Differing from the aforementioned work, the heter-
ogeneity of DOFs among different transmission links is
exploited to design the IA precoders. The channel
propagation for different links can own much disparity,
resulting in different ranks of channel matrices' '
Even for a full rank channel, the transmitter might only
support a smaller number of independent data streams
in order to effectively avoid crosslink interference. It
also differs in transmission rates when further consider-
ing the traffic dynamics of interfering users, where
each transmission link will support a different number
of independent data streams in practical scenarios''.
From the perspective of interference network capacity,

the number of independent data streams or multiplexing

(D  Supported by the National Natural Science Foundation of China ( No. 61271285), the National High Technology Research and Development
Programme of China (No. 2015AA01A703), STCSM Project ( No. 17ZR1429200) , Shanghai Sailing Program (No. 16YF1411200) and the

Leadcore-WiCO Cooperative Project.

2 To whom correspondence should be addressed. E-mail; xiumei. yang@ wico. sh

Received on May 12, 2016



174

HIGH TECHNOLOGY LETTERSIVol. 23 No. 21| June 2017

gain can be characterized by the degrees of freedom''’.

Therefore, the interference system also inherits hetero-
geneity property from the perspective of the DOF per
link. This work, analyzes subspace relationships in-
duced by the DOF’ s heterogeneity to present a closed-
form precoder design method for two different DOF ca-
ses, which fully utilizes the DOF’ s heterogeneity either
to reduce signaling overhead or achieve a higher sum
rate. Unlike it often does with joint calculations be-

. . 12,13
or 1terat10ns[ ’ ],

tween transmitter and receiver "
proposed precoders are obtained only by requiring cal-
culations at each BS and limited information exchange
among BSs.

The remainder of this paper is organized as fol-
lows. Section 1 introduces the system model for three-
cell uplink transmission. Section 2 analyzes the rela-
tionship of the heterogeneous DOFs and highlights the
closed-form TA precoder expressions. Section 3 pro-
vides the simulation results and analysis. And the final

section concludes this work.
1 System model

A system model of the three-cell uplink MIMO
system with heterogeneous DOFs is used in this work
and it is assumed for the i" transmission link that the i""
user (UE) is equipped with N'” transmit antennas, the
i" BS has N receive antennas, and the supported
DOF is d,. The received signal at the i" receiver is ex-
pressed as

3
y, = HWs, + Z HWs, +n, (1)
j=T i

NG NG )
C "% %7 denotes the channel matrix from

where H;; e
the /" UE to the i" BS, whose entry is independent and
identically distributed according to complex Gaussian

distribution of CN(0,1). For the i transmission link ,
N xd, . . .
W, e C" *"is the normalized precoding matrix and s,
dixl : : o
e C " is the transmitted signal vector with independ-

N x1 .
ent elements. Andn e C " represents the additive
white Gaussian noise vector observed at each receiver,
with elements following CN(0,o”). The achievable

sum rate of the system can be expressed as
3 d

R(p) = 3 z log, (1 + 7,) (2)

F=y

where p is the average signal-to-noise ratio (SNR) per
link withp = 1/¢” under the above normalized parame-
ter configurations. 7, is the post signal-to-noise-plus-
interference ratio (SINR) of the k" data stream at the
i" receiver. Therefore, the total DOF of the system,
also known as the capacity per-log or the multiplexing

gainm , 1s

r= log, (p)
Since the focus is to exploit the heterogeneity of

délimM—idi (3)

DOFs instead of the number of antennas, for simplici-
ty, the number of transmit and receive antennas for
each link are set to be the same, i.e. , NV = NV =
N. However, the number of the DOF supported by
each transmission link will be different.

2 1A Precoder design

2.1 Heterogeneous DOFs

For heterogeneous DOFs among different transmis-
sion links, without loss of generality, it is assumed

d, <d, <d <N (4)

Thereafter the maximal number of dimensions
available for interfering signals of three links are N —
d,, N-d,and N - d,, respectively. When interference
alignment is introduced into the above three-link sys-
tem, it is claimed that the DOF per link should further
satisfy constraint in the following proposition. The proof
is straightforward and provided simply in the following.
Proposition 1 The DOFs of d, and d, in the three-link
interference network, under the assumptions of d; < d,
< d, < N, should further satisfy the following con-
straint if interference alignment is adopted ,

d +d, <N (5)

Proof With interference alignment, the number of di-
mensions occupied by the aligned interference signals
should be no larger than the number of dimensions for
the null pace of the desired signal at each receiv-

1,14 . . .
er'""™ . For instance, at receiver # 1, there 1is

max{d,, d;} < (N -d,). Therefore, the DOF set in
a three-link transmission system should satisfy
maxi{d,, d;} <N -d,
{max{dl,d3} <N-d, (6)
maxi{d,, d,| <N -d,
Combining with Eq. (4) , the following is

d, <N -d,
{d,sN—dz (7)
d, <N - d,

Considering d; < d,, the relationship of d, + d, <
N becomes a more strict constraint compared to d, + d,
<N

Motivated by Proposition 1, the achievable sum
DOFs of the above interference network can be ob-
tained. In Table 1, several parameter sets of the
achievable DOFs under different antenna configurations
are illustrated when equal mark being guaranteed in

Eq. (5). The DOF sets are further divided into two
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different cases, with Case B. 1 satisfying d, + d; < d,
and Case B. 2 satisfying d, + d; > d,. Such two cases
will result in different closed-form design procedures as
well as the requirements for the channel state informa-

tion (CSI).

Table 1 DOF parameters vs. antenna parameters
DOF set (d,, d,, d;)

N Case B. 1 Case B.2
3 (2,1,1)

(3,1,1) (2,2,1),(2,2,2)
5 (4,1,1),(3,2,1) (3,2,2)

3,3,1),(3,3,2),

6 (5,1,1),(4,2,2),(4,2,1) E3’3’3)) ( )

(6,1,1),(5,2,1),(5,2,2),

(4,3,1) (4,3,2),(4,3,3)

2.2 Proposed design

In this subsection, a closed-form design of the TA
precoders for the mentioned two different DOF cases is
presented.

Case B.1 d, +d; < d,

In the DOF region of {d,,d,d;:d, + d, < d,}|,
partial or full precoders for all three transmission links
can be firstly calculated based on the estimated CSI at
each own receiver.

Stage 1 Firstly, the full interference signals from
UE #3 and the partial interference signals from UE #2
with dimensions of d; are aligned at the receiver of link
#1. That is,

Span(H;W;) = Span(H12W§3) (8)
where the superscript d, refers to arbitrary d; columns of
matrix W,. Either W, or W3* can be designed flexibly
and the other one is obtained by taking W, for in-
stance,

W, = HH,W? (9)
here, Span( +) is the spanning set of the columns of a
matrix. And ( + ) "' denotes the inversion of a square
matrix. From Eq. (8) to Eq. (9), the full precoder
for UE #3 and partial precoder for UE #2 are obtained
at BS #1. Then both precoders are respectively sig-
naled to BS #2 and BS #3 in some manners, e. g. ,
through signaling broadcasting or via dedicated chan-
nels.

Stage 2 Then partial dimensions of precoder W,
are calculated at both BS #2 and BS #3, respectively.
By aligning W{* and W, into the interfering subspace at
BS #2,

Span(H, W) = Span(H,,W,) (10)

W can be calculated by solving Eq. (10) ,

W& = H H,, W, (11)
The interference links at BS #2 will just occupy d; di-
mensions of the matrix space so that the desired signal
can be easily identified with the zero-forcing (ZF) de-
tection since d, satisfies d, < N - d, according to
Eq. (5). The rest part of W, with (d, — d;) dimen-
sions, which is not calculated can be flexibly de-
signed, e. g., for better diversity gain.

Similarly, another part of W, can be calculated in
parallel at BS #3 following the same operations as those
at BS #2,

Wlllz = H3_11H32W2 (12)

After that, BS #2 and BS #3 signal the partial
precoders Wi and W to BS #1 , respectively.

Stage 3 Finally, BS #1 combines the received
partial precoders and finally obtains full precoder W,.
The remaining vectors with (d, — d, — d;) dimensions
of W, can be generated flexibly, similar to W,.

Remark 1 All three precoders can be obtained in
closed forms after one stage of calculations at BS #1
and the parallel stage of calculations both at BS #2 and
BS #3. Therefore the DOF’ s heterogeneity contributes
to simplify the derivation of the IA precoders.

Remark 2 Only local CSI is needed to perform
the proposed algorithm at each receiver. The local CSI
consists of the channel state information from both the
desired link and the interfering links arrived at the
same receiver. The CSI from interfering links at the
same receiver can be achieved by channel estimation
under cooperative transmission systems. Without the
need for global and full CSI sharing among all transmis-
sion links, the local CSI feature provides one of the
most important advantages for the proposed design.

Case B.2 d, +d; > d,

When the heterogeneous DOFs fall in the region of
{d,,dydy:d, +d; > d, |, however, the design is a lit-
tle complicated. This is because the flexibility remai-
ning for W, is reduced, and it is not able to be a-
chieved by directly combining the partial vectors from
the other two receivers as in Case B. 1. In such case,
all three precoders should satisfy according to the di-
mension relationships of the subspaces in Eq. (4) and
Eq. (5),

Span(H ;W) C Span(H,W,)
Span(H,,W;) C Span(H, W,) (13)
Span(Hy,W,) C Span(HyW,)

According to (13), the following is got:

W, C Span(H]_;lewz)
Span(H;'H,,W,) C Span(W,) (14)
Span(H;llHqu) C Span(W,)
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and it further obtains
W, = H3_21H3|H2_11H23H1_31H12W2 (15)
It can be solved by the generalized eigen-problem

as
W, = eig(Hy H, Hy H,H H ;) (16)
where eig( +) means the eigenvectors of a matrix, with
the number of eigenvectors being d, for solutions. Fur-
thermore, W, can be obtained as
W, = [H{H,W, v]

C Mxldi=dy

(17)
where v e ' can be flexibly determined, like
that in Case B. 1. As for W, , it can be easily construc-
ted from HH,W,, e.g., a submatrix with d, col-
umns.

Remark 3 CSI sharing is necessary for the pre-
coder calculations in Case B.2. And higher sum rate
performance can be expected than that in Case B. 1
due to the much stricter CSI requirement. The coopera-
tive transmission improves the network capacity, which
is also verified through the capacity analysis in
Ref. [8].

Remark 4 In principle, either uplink or downlink
transmissions can use the proposed designs. According
to current standard specifications, however, it seems
more suitable for uplink considering the requirement for
information sharing among receivers. The information
exchange between BSs has already been supported
through X2 interface while it is somewhat challenging
for UEs to exchange control information directly'"’.
That is also the reason why the uplink transmission is
selected as the system model in the above descriptions.

3 Performance results

The performance of the ergodic sum rate is presen-
ted under a three-cell uplink model via Monte Carlo
simulations. Three aspects of performance verifications
are considered for 1) Case B.1; 2) Case B.2 and 3)
comparison with a typical time division multiple access
(TDMA) MIMO transmissions. The sum DOF as de-
fined by Eq. (3), which is the slope of the perform-
ance curve versus log, (SNR) , is also illustrated. To
fully evaluate the performance of the proposed designs,
the bit error rate (BER) performance is further provid-
ed for analysis.

In two TA cases, precoders are designed according
to the proposed schemes while ZF detectors are used at
receivers. Note that the precoding matrix is applied
with normalization. In TDMA benchmarks, the antenna
configurations are the same as those in IA schemes.
However, the value of the DOF per link equals to the

number of antennas and each link occupies one time

slot for transmission while the other two links keep si-
lent.

The sum rate performance for Case B. 1 is shown
in Fig. 1. For illustration, the number of antennas is
configured as N = 5,6,7. It can be seen that the sum
rate as well as the sum DOF (d

the increase of the number of antennas. And the inter-

wm) 18 Increased with
ference signals are finely aligned and thus removed
from the receiver. Without the need of sharing CSI
among BSs, the signaling overhead is reduced in this
case.

70
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Fig.1 Ergodic sum rate performance with the number of anten-
nas N € {5,6,7! and the DOF set falling in the region
of {d,,d,,ds:d, +d; <d, |

In Fig.2, performance of the sum rate under Case
B. 2 is provided. Under the same antenna configura-
tions, it can be observed that the sum DOF is a little
higher than that in Fig.1 due to the benefit of fully
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Fig.2 Ergodic sum rate performance with the number of anten-
nas N € {5,6,7} and the DOF set falling in the region
of {d,,d,,dy:d, +dy > d,}
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shared CSI. For example, the sum DOF is 7 while it is
6 for the system in Case B. 1 with N = 5. With the in-
crease of the number of antennas, the advantage from
the perspective of the sum DOF becomes more obvious.

The proposed closed-form TA design also has su-
perior sum DOF performance than TDMA schemes, as
In this simulation, two MIMO
schemes as TDMA benchmarks are performed. One is

shown by Fig.3.

the spatial multiplexing TDMA scheme without precod-
ing, while the other one adopts the eigen beam-forming
based on singular value decomposition (SVD). Simu-
lation results show that the proposed design is able to
achieve higher sum DOF than both conventional MIMO
schemes. It also achieves better sum rate performance
compared to the TDMA scheme without precoding.
However, in the low SNR region, the proposed design
is inferior to the SVD scheme. This is due to the per-
fect match filtering for the precoding and receiving in
the SVD scheme while the proposed scheme uses the
precoder and the ZF detector, still remaining further
optimization opportunities for better diversity gain.

40 : : :
—B— 1A, N=3, dg,=4, d,=2, d,=1, d,=1
35 | —o— TDMA wio precoding, N=3, d, =3
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25+ k
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Fig.3 Ergodic sum rate performance comparison between the
proposed IA design and the TDMA benchmarks with
and without precoding (N = 3)

To fully evaluate the performance of the TA
schemes, the BER performance in Fig.4 is further
presented. In this simulation, the number of antennas
is set at the transmitter and receiver as N = 3,5,7 and
the corresponding DOFs are d,,, = 4,6,8 respectively.
Binary phase shift keying ( BPSK) is adopted as the
modulation scheme and ZF detectors are used for inter-
ference cancellation at the receivers. From the simula-
tion results, it shows that the interference signals from
the co-channel links can be perfectly nulled and the
BER performance is improved as SNR increases. Fur-
thermore, for different antenna configurations, the

BER performance slightly decreases as the number of

antennas increases. However, the sum DOF is higher
for cases with more antennas which is consistent with

the results from aforementioned simulation results.
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Fig.4 Bit error rate performance of the proposed IA design

4 Conclusion

This work investigates the A schemes with hetero-
geneous DOFs for a three-cell uplink transmission sys-
tem. After analyzing the relationship of the subspace
dimensions among the desired and interfering links,
the closed-form TA design procedures are described in
detail for two different DOF cases, respectively. The
features of two specific design methods are further dis-
cussed. Based on the feature analysis, the proposed
designs have the advantages that either local CSI re-
quirements can reduce the signaling burden or the
higher sum DOF contributes to the improvement of the
sum rate performance. In essence, the proposed de-
signs can be used in both uplink and downlink trans-
missions, and in this work the uplink transmission is
taken as the implementation example. Although here
the three-cell interference model is adopted which is
more consistent to the current cellular topology, its ex-
tension to a general case with an arbitrary number of
links will be more meaningful in theory but will be
rather more complicated.
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