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Robust Transceiver Design for Full Duplex
Multi-user MIMO Systems

Ali Cagatay Cirik, Member, IEEE, Sudip Biswas, Student Member, IEEE, Satyanarayana Vuppala, and
Tharmalingam Ratnarajah, Senior Member, IEEE

Abstract—We consider a weighted sum-rate maximization
problem for a multi-user multiple-input multiple-output (MIMO)
cellular system where a full-duplex (FD) base-station (BS) serves
multiple half-duplex (HD) uplink (UL) and downlink (DL) users
simultaneously while taking the imperfect channel knowledge into
consideration. By exploiting the relationship between weighted
sum-rate and weighted minimum-mean-squared-error problems,
joint design of transceiver matrices can be obtained through an
iterative convergent algorithm. Simulation results confirmed the
importance of accurate channel estimation in FD systems.

Keywords—Full-duplex, imperfect CSI, MIMO, multi-user.

I. INTRODUCTION

Amongst the emerging technologies for next-generation
wireless networks, full-duplex (FD) communication is con-
sidered as a promising technique to potentially double the
speed of wireless systems, since it enables available spectral
resources to be fully utilized in time and frequency [1].

FD multi-user systems, where a FD capable base-station
(BS) communicates with half-duplex (HD) uplink (UL) and
downlink (DL) users at the same time slot over the same
frequency band, have been investigated in [2]-[6]. The authors
in [2]-[6] assume that perfect channel-state-information (CSI)
is available at the transmitters, which is practically impossible
due to the inaccurate channel estimation. Therefore, robust
transceiver designs that take into account imperfect channel
knowledge are of interest, which have not been reported (to
the best of our knowledge) so far for FD cellular systems.

In this work, we propose a robust precoder scheme for the
FD multiple-input multiple-output (MIMO) multi-user system
to maximize the weighted sum-rate of the network subject
to power constraints at the BS and UL users under norm-
bounded channel estimation errors. Similar to [7], we adopt
an iterative approach to solve this non-convex optimization
problem which is proven to converge, wherein a convex sub-
problem is solved at each step. Numerical results are presented
to show the importance of channel estimation in FD systems.

Notation: Matrices and vectors are denoted as bold capital
and lowercase letters, respectively. (-)7 is the transpose, and
(1) is the conjugate transpose. Iy and O s are the N x N
identity and N x M zero matrix, respectively; tr(-) is the trace;
|.| is the determinant; vec(-) stacks the elements of a matrix
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to one long column vector. ® denotes the Kronecker product.
|X]||# and ||x||2 denote the Frobenius norm of matrix X and
the Euclidean norm of vector x, respectively.

II. SYSTEM MODEL

We consider a multi-user MIMO system, in which a BS
operating in FD mode serves K UL and J DL HD users
simultaneously. The BS is equipped with My and N transmit
and receive antennas, respectively. The number of antennas
at the k-th UL and the j-th DL user are denoted by My
and Nj, respectively. H/Z € CNoxMk and HPL e CNoxMo
represent the k-th UL and the j-th DL channel, respectively.
H, € CNoxMo ig the self-interference channel between the
transmitter and receiver antennas of BS. HLU e CNixMw
denotes the co-channel interference (CCI) cl%annel from the
k-th UL user to the j-th DL user.

The source symbols sVZ € C% " and sPh e C%" for the
k-th UL and the j-th DL user, respectively are assumed to be
independent and identically distributed (i.i.d.) with unit power.
Denoting the precoders for the data streams of the k-th UL

. y UL

and j-th DL user as VYL = [V,Zf, . ,vgdLgL € CMirxdi™
DL .

and VfL = vJ’»:flL7 . ,vdepL € CMoxdi™™ "respectively, the

signal received by the BS and the j-th DL user can be written,
respectively, as

K J
yo= HIVIEsIE+Ho) VPEsPr4mg, (D)
k=1 j=1

J K
DL DL DL_DL DU~;UL_UL DL
v t=HPE Y VPP 4y HRIVIESTE 4+ 0Pt )
j=1 k=1

where ng ~ CN (0,02 Iy,) and nPL ~ CN (0,a§jINj)
denote the additive white Gaussian noise vector at the the BS
and the j-th DL user, respectively.

The received signals are processed by linear decoders,

UL
denoted as UJY = |uff,...,ulL, | € CNox%™ and
DL
UpL = [ujpf7,,,7uijL € CNi*4’" by the BS and the
: df

j-th DL user, respectively. Therefore, the estimate of data
streams of the k-th UL and the j-th DL user are given as
sVl = (UgL)HYO and é?L = (U]DL)Hy]DL, respectively.
Using these estimates, the signal-to-interference-plus-noise ra-
tio (SINR) values of the m-th stream of the k-th user in the
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channel X, X € {UL, DL} can be written as

2

(uka) Hk Vk m

rYk,m =

H
(ukx,m) EXuk ,m + Zn;ém

where B~

plus-noise terms at the k-th UL user given as'

K
Loy myevE (v
i#k
J H
+ Y HVPE (VPO T H 402 Ty,
j=1

The WSR optimization problem can be formulated as:

dUL

VULUUL Zw ZIOg 1+’)/ )

VDL ypL k=1
J L
+ ZwDL Z log (1+v%)

s.t. (V/lcj,an) VkUL < P, ke SUL,

where w,ICJL

X X
(uk,m) H Vk n

27

denotes the covariance matrix of the interference-

3)

“4)

&)

(6)

and wJD L are the weights of the k-th UL and the

j-th DL user, respectively, and VX = {véfm : V(k,m)} and

UX = Uka

(K, m)} :
P, and

X € {UL,DL}. The constraints
o are the transmit power constraints at the k-th UL

user and at the BS, respectively. We use S and SP’ to
represent the set of K UL and J DL channels, respectively.

III. JOINT BEAMFORMING DESIGN

We will first simplify the notations similar to [3] by com-

bining UL and DL channels. Denoting
HYL, ieSUE, jesUL,
Hy, iecSYl jesPr,
H}Y,ieSPE jesUr,
HPL e SPL) j e SPL,

<o\ [No(M,), ieSUE,
Ni (MZ)_{NZ-(MO), ieSPL,

n ng, iGSUL,
i — .
nPL e SPL,

IThe covariance matrlx of the aggregate interference-plus-noise terms of the

j-th DL user, &P

andH0W1thH L VDL,z;é]andH U k=1,.
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can be written similarly, i.e., by changing HUL VUL
A , K, respectlvely

and referring to VX, UX, 7% =Y, dX, X € {UL,DL} as
Vi, Ui, viom» 2, dz, the SINR of the m-th stream in the i-th
link, i € S 2 SUL|JSPL can be written as

H 2
!ui mHiiVi,m|

%‘,m = : ’ (7)
d;
uffm ¥+ Z H;;v; v, nHH Wi
n#m
im

where 3; = . 5., Hi;V; VHHlj + 02 I . Using the
simplified notatlons the optimization problem (4) (6) can be
rewritten as

d;
Z w; Z logy (1 + 7i,m) (®)

max
Vi,m, Wi m
€S €S m=1
d;
H . UL
s.t. g VimVim < Py, 1€ 877, ©)]
m=1
d;
§ : 2 /‘ H
Vi7mvi,m S Po. (10)
ieSDPL m=1

The following result adopted from [8, Theorem 1] and used
in [5], [6] allows us to express (4)-(6) in terms of only linear
precoders.

Proposition 1: For any V; that is a solution of (11)-(13),
there is a solution of (4)-(6) that share the same objective and
constraint values, and thus (4)-(6) and (11)-(13) are equivalent.
In particular, v; ,, can be obtained by taking the m-th column
of V; = V,;D, where DAD is the eigen-decomposition of
VHHHEi_lHiZ-VZ-, and u; ,, can be obtained from u;,, =
I H“vmn, where 3; ,,, is defined in (7).

i,m

max > wilog|ly, + VIR S H, V| (11)
i€s
s.t. w{VFIv,} <P, ies, (12)
Z w{VIv,} <P, (13)
ieSPL
where V = {V, : i € §}. Note that Proposition 1 states that

decoupled capacity composed of linear transmit and receive
beamforming vectors in (8) is fully equivalent to the mutual
information in (11), which only involves the linear precoders
as optimization variables. Based on Proposition 1, we can
solve the sum-rate maximization problem (8)-(10) by solving
the problem (11)-(13) and then construct linear precoders and
receive beamforming vectors in (8) from the resulting solution.

A. Imperfect CSI Model

The CSI for all channels is assumed to be imperfectly known
at the BS, and based on the imperfect CSI knowledge, the BS
computes the optimum transceiver matrices in a centralized
manner, and then distributes them to the users via control links.
The imperfect CSI is modeled using a deterministic norm-
bounded error model [7] is expressed as

Hij = {I:I” + Aij : HAUHF < Tij}, (14)
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where H;; and A;; denote the estimated CSI and the channel
error matrix with uncertainty bound ;;, respectively.

With the imperfect CSI, the objective function of the opti-
mization problem (11)-(13) is replaced with

max min

Vo (|Agylr< > wilog|ly, + VIHS "H, V| . (15)
il FXTij cS

By using the well-known relationship between the weighted
sum-rate and weighted minimum mean-squared-error (MSE)
problems [9], we transform the robust weighted sum-rate
problem in (15) into an equivalent robust weighted MSE
problem, which is expressed as

max min - max » w;(—tr{W;E;} +log [W;| + d;)(16
VHAinFSﬂjW,U; (-urf } +log [Wi +di)(16)

where U(W) = {U;(W,;):ie S}, W; € Cd*di js a
weight matrix, and E; is the MSE matrix of the ¢-th link
defined as

E; = (U'H,V, - 1,) (UMH,V, - 1,)" + U's,U,.

Since the formulation in (16) is intractable, we look at the
lower bound of the inner min-max problem by interchanging
the min-max terms, and express the problem as

max min w; (—tr {W,E;} 4 log |[W;| +d;) .(17)
V,W.,u HAinFSTijieZS (—urd } | | )

To simplify the problem further, we write tr {W,E;} as
tr {WzEz}

S e { W, (U, V; - 651, (UFHGV; - 010) "}
jeS
+ o2 w{W,UU;}

(i) Z ‘Bf(Uf{ (IjI” + A”) Vj — 6idei)
JjES

(é) Z H vec (BlH (UZHI:IUV] - 5ide¢))
JjES

dij

2 9 9
| +02 IUBI;

2
+ (V] @ (BIUM) vee (M) || +02 [UBi[T,  (8)

Dij

where (a) is obtained by plugging X; in (7) and using 0;;
as the Kronecker delta function; (b) is obtained by using the
equality tr {A#A} = [|A||% and writing W; = B;BY; and
(c) is obtained by using the identities ||A||; = |lvec (A)||§
and vec(ABC) = (CT @ A) vec (B). Using (18), the inner
minimization problem in (17) can be rewritten as

Jmin Y i | =3 [ldi; + Dijvee (Ag)l;
Al <ris =

2
-0y

U,B;|% + 2log [B:| + dl-).(19)

Using epigraph form and introducing slack variable \;;, the
problem (19) can be written as

2
max - wi |3 Ay = op, [UiBi + 2log [Bi| + i) (20)
1€ES JjES
2 ..
s.t. —|ldi; + Dijvec (Ag)ll5 < Nij, 1Ajllr < 7y, YV (4, 5),

where A = {\;; : V(¢,7)}. Using Schur complement lemma,
the constraint in (20) is expressed in linear matrix inequalities
(LMI) form:

Aij dg n 0
dij  laa, D;jvec (A )
To further simplify (21), we use the following lemma:

Lemma 1 ([10]): Given matrices P, Q, A with A = A,
the semi-infinite LMI of the form of

H
vec (A”) Dg . 0(21)
Odidj Xdidj o

A = PIXQ+ QX P, VX :|X|F <p,

holds if and only if Je > 0 such that

[ A-Q"Q —pP" }

i T | =o

(22)

By choosing

i

A = |5
[ d;;

X =

ar .
Idi;j :| ’ P= |:0NiMj><1’ Dij:|7 (23)

vec(Aqj), Q= [—17 led,idj] )

we can apply Lemma 1 to (21), and the resulting overall
optimization problem is formulated as

(24)

. _ L 2 ) ) 2
vaT%},(/\,e Z Wi Z )\U On, ||U2B7, ”F
€S

JES
+ log |B;B/ | + d)) (25)
Nj =€ dil Opma,
s.t. dy; Idide —7i;Dij | =0, Y (i,5) ,(26)
Ox,01,x1 —TisDij €l
lvee (Vi)3 < P;, i € SUE, 27)
ST lvec (Vs < Po, 5 >0, V(i.5),  (28)

ieSPL

where € = {¢;; : V(¢,7)}, and B = {B; : i € S}. Although
the problem in (25)-(28) is non-convex, it becomes a convex
function of each optimization variable when the other two are
fixed. Therefore we can apply the coordinate ascend method
to update the transceiver matrices iteratively. In particular,
when V and U are fixed, B can be solved using MAX-
DET algorithm [11], when B and U (B and V) are fixed,
V (U) can be computed by solving the resulting Semidefinite
programming (SDP) problem. Since the alternating iterative
updates lead to a monotonic increase of the objective function
in (25), and the fact that it is bounded above guarantees the
convergence of the proposed algorithm to a stationary point.
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TABLE 1. COMPLEXITY PARAMETERS

Number of variables (n) Di of blocks (a;)

V | Sics2Mid; +2|S? a; =d;d; + N;M; +1, (i,5) € S,
a; = M;d9% +1, i e SUE,

ar =Moo} sDL dPr +1.

Ui 2N1d7,+2|v$| ag :d,;dj“1’]\&1\/[]'*‘1’17 (Z,]) GS.
B | 2d] +2|S] ar =did; + NiM; + 1, (i,4) €.

B. Computational Complexity

Since the proposed algorithm solves a SDP problem in each
step (SDP is a special case of MAX-DET [11]), we focus on
the complexity analysis of a standard SDP problem:

min ¢’x st Ay + szAz >0, ||X||2 <R, 29)

XER™ ‘
i=1

where A; denotes the symmetric block-diagonal matrices with
L diagonal blocks of size a; x a;, [ = 1,..., L. The number
of elementary arithmetic operations necessary for solving this
problem is upper-bounded by [12]

L L
n n2+nZal2+Za? . (30)
I=1 1=1

For example, in computing V;, the number of diagonal
blocks L is equal to |S|* + |SUE| + 1. For the |S|> LMI
constraints in (26), the dimension of blocks are a; = d;d; +
N;M; +1, (i,j) € S. For the UL power constraint, the
dimension of the blocks are a; = M;dYL + 1, i € SUL.
For the BS power constraint, the dimension of the block
is ap = My ZjESDL de + 1. The unknown variables to
be determined are of size n = ., ¢ 2M;d; + 2|S|%. The
analysis of the other subproblems can be carried out in a
similar manner. Then, the complexity parameters for solving
the problem (25)-(28) using SDP method are given in Table I.

1/2

L
oM (1+> a
=1

IV. SIMULATION RESULTS

In this section, we compare the proposed FD setup with the
equivalent HD system under the 3GPP LTE specifications for
small cell deployments, which is considered to be especially
suitable for deployment of FD technology due to low transmit
powers, short transmission distances and low mobility [2].
A single hexagonal cell having a BS in the center with
randomly distributed UL and DL users is simulated. The
parameters for the system model and the path-loss model
for each link are adopted from [13, Table II]. The elements
of the nominal small-scale fading channels, except the self-
interference channel, are randomly generated according to
zero-mean, unit-variance, i.i.d. Gaussian distributions. For
the nominal self-interference channel, we adopt the model
in [1], in which the self-interference channel is distributed
as Hy ~ CN( igﬁg}fﬂm%lm ®IMO), where Kp

is the Rician factor, Hy is a deterministic matrix, and o,
is introduced to parametrize the capability of a certain self-
interference cancellation design. The uncertainty sizes are
related to the quality of channels, i.e., 7;; = s|H;;||r, s €

—6— Full Duplex
- - Half Duplex

N 35 4
% x 0%, ={-120, -110, -100, -90, -80} dB
£ 30 S Q 4
= &

8 257 o 2 \

© § & S 5

Sas & 3 $

£ o I 3

3B 20+ L R Y

S M o
eI
151 ~= 4
10
[o] 0.05 0.1 0.15 0.2 0.25 0.3 0.35
s Values

Fig. 1. Comparison between FD and HD systems with respect to s.

[0, 1). We apply the following values as our system parameters:
Mk:NjZQ, M():N(]:2, K:JZQ,KR:].aIldH()
to be the matrix of all ones for all experiments. The resulting
system performance is averaged over 100 channel realizations.

It can be seen from Fig. 1 that as the size of the uncertainty
region increases, the FD system suffers more, and the gap
between FD and HD systems decreases. This degradation in
performance of the FD system is explained as follows. Since
there are more interference channels (self-interference and
CCD) in FD systems, as the uncertainty level of the channels
increases, the system performance of the FD system degrades
more. This indicates that the channel estimation is a critical
factor for successful deployment of FD systems.

REFERENCES

[1] M. Duarte, C. Dick, and A. Sabharwal, “Experiment-driven characteri-
zation of full-duplex wireless systems,” IEEE Trans. Wireless Commun.,
vol. 11, no. 12, pp. 4296-4307, Dec. 2012.

[2] D. Nguyen, L.-N. Tran, P. Pirinen, and M. Latva-aho, “On the spectral
efficiency of full-duplex small cell wireless systems,” IEEE Trans.
Wireless Commun., vol. 13, no. 9, pp. 4896-4910, Sept. 2014.

[3] S.Li, et al, “Linear transceiver design for full-duplex multi-user MIMO
system,” IEEE Int. Conf. Commun. (ICC), pp. 4921-4926, June 2014.

[4] A. C. Cirik, R. Wang, Y. Hua, and M. Latva-aho “Weighted sum-rate
maximization for full-duplex MIMO interference channels,” IEEE Trans.
Commun., vol. 63, no. 3, pp. 801-815, March. 2015.

[S1 A. C. Cirik, “Fairness considerations for full-duplex multi-user MIMO
systems,” IEEE Wireless Commun. Lett., vol. 4, no. 4, Aug. 2015.

[6] A. C. Cirik, et al “QoS considerations for full duplex multi-user MIMO
systems,” IEEE Wireless Commun. Lett., vol. 5, no. 1, Feb. 2016.

[7]1 J. Jose, et al, “On robust weighted-sum rate maximization in MIMO
interference networks,” IEEE Int. Conf. Commun., pp. 1-6 Jun. 2011.

[8] M. C. Bromberg, “Optimizing MIMO multipoint wireless networks
assuming Gaussian other-user interference,” IEEE Trans. Inf. Theory,
vol. 49, no. 10, pp. 2352-2362, Oct. 2003.

[9] S. Christensen, et al., “Weighted sumrate maximization using weighted
MMSE for MIMO-BC beamforming design,” IEEE Trans. Wireless
Commun., vol. 7, no. 12, pp. 4792-4799, Dec. 2008.

[10] Y. C. Eldar, A. Ben-Tal, and A. Nemirovski, “Robust mean-squared-
error estimation in the presence of model uncertainties,” IEEE Trans.
Signal Process., vol. 53, pp. 161-176, Jan. 2005.

[11] L. Vandenberghe, S. Boyd, and S. Wu, “Determinant maximization with
linear matrix inequality constraints,” SIAM journal on matrix analysis
and applications, vol. 19, pp. 499-533, 1998.

[12] A. Ben-Tal and A. Nemirovski, Lectures on Modern Convex Optimiza-
tion: Analysis, Algorithms, Engineering Applications. SIAM, 2001.

[13] A. C. Cirik, K. Rikkinen, Y. Rong, and T. Ratnarajah, “A subcarrier
and power allocation algorithm for OFDMA full-duplex systems,” IEEE
European Conf. Networks and Commun. (EuCNC), pp. 11-15, Jun. 2015.

2162-2337 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



