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ABSTRACT

This paper considers practical deployment issues of a multi-user
MIMO system with full-duplex (FD) base station and half-duplex
(HD) user equipment. The aim is to select a set of uplink (UL) and
downlink (DL) users at any instant that will provide a satisfactory
performance in system resource allocation. Furthermore, it is also
necessary to deal with the interference created by the UL users to
the DL users, which limits communication quality. In this work, we
consider implementing a joint processing beamforming algorithm
that can provide effective UL/DL selection and achieve system util-
ity maximization. Our results show that with 20 dB self-interference
cancellation, FD system significantly outperforms HD system under
proportional fairness utility.

Index Terms— Full-duplex communication, joint processing,
MIMO, beamforming.

1. INTRODUCTION

Full-duplex (FD) data transmission is an emerging technique in wire-
less communication that can potentially double the throughput com-
pared with conventional half-duplex (HD) system by transmitting
and receiving information simultaneously in the same time slot and
frequency band. However, the most critical issue in FD system is
its own transmission interfering with the device itself, thereby creat-
ing the so-called self-interference (SI). Due to hardware impairment
such as amplifier nonlinearity, phase noise, and quantization error, SI
cancellation (SIC) in practice is far from trivial. For single antenna
devices, [1-6] showed that an SIC of 100 dB can be achieved with
the use of additional hardware, such as FIR filters. Additionally, [7]
proposed that SI can be avoided by transmitting signals in the null
space of the SI channel in multiple antennas devices.

Recently, given the growth in the demand of both mobile uplink
(UL) and downlink (DL) data traffic, increased attention has been
paid to using signal processing techniques such as beamforming
to unlock the capability of FD multi-user multi-input multi-output
(MU-MIMO) systems, where multiple UL and DL user equipment
(UEs) are served by an FD base station (BS) simultaneously [8—10].
In fact, FD systems are considered to be suitable for deployment in
small cell systems which have low SIC requirement because of the
small operating power and short transmission distance. However,
the interference from the UL UE to the DL UE (UL-DL interference)
within their transmission range is the most critical factor that limits
system-level performance.

While some works have focused on sum rate maximization [8§—
10], it may not be adequate for practical systems as they usually have
stringent requirements on the data rates, e.g., user fairness. More-
over, most of these studies assume the use of FD UE, which allows
a UE to have a flexible choice in transmitting and receiving data. To
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avoid the use of expensive FD UE, some researchers have also con-
sidered the use of HD UE and have assumed a set of specific UL/DL
users being selected a priori by the systems. However, UL/DL user
selection is a nontrivial task, especially when resource allocation and
UL-DL interference are taken into account.

Motivated by the above practical considerations, the presented
work focuses on a joint processing beamforming algorithm which
considers the problem of system utility maximization, UL-DL in-
terference management and UL/DL user selection together. An it-
erative weighted minimum mean square error (WMMSE) algorithm
[11,12] has been used to handle the nonconvex utility maximization
problem. Inspired by [13,14], we propose use the idea of user group-
ing to handle the UL-DL interference and integer programming to
deal with the UL/DL user selection problem. The effectiveness of
the proposed algorithm is verified by numerical simulations.

Notations: We use X7, X* and ||X|| r to denotes the transpose,
Hermitian and Frobenius norm of matrix X, and diag(X) creates a
diagonal matrix by setting the off-diagonal entries of matrix X to 0.
I stand for statistical independence. CA (0, X) represents the zero
mean circularly symmetric complex Gaussian distribution with co-
variance X and Cov{x} = E{xx} means the covariance of vector
X.

2. SYSTEM MODEL

Consider an MU-MIMO system where an FD BS communicates
with K UEs. Users are divided into G groups, and different groups
are served in different orthogonal time slots (i.e., TDMA) so that
users in one group do not interfere with users in other groups. The
proportion of time resources allocated to the users in group g =
1,...,G is denoted as 79, with ZGZI 79 = 1. We use index i = 0
to denote the BS and ¢ = 1,..., K to denote the UEs. The chan-
nel from node i to i’ is denoted as H; ; € CN"i *Nti where Ny,
and N, are the number of transmit and receive antennas at node ¢,
respectively. Therefore, H;; € CNri *Nti s the SI channel. We
use similar notations to denote the beamformer and data streams,
ie, V% € CNi*%i and 87, ~ CN(0,I) € C%+**, which
are the beamformer and data streams from node ¢ to ' in group g,
respectively, and d; ;s is the number of data streams intended to be
transmitted from node 7 to node 4’

The intended DL and UL transmitting signals of the BS and UE
k =1,..., K in group g are given, respectively, as

K
g __ g9 g
Ty = § : Vokr S0,

k'=1

9 _ 9 oI
Ty = Vk,osk,()' (L

In fact, there is a mismatch between the intended transmitting signal
and the actual radiated signal due to hardware impairment. Similarly,
the received signal is also distorted after it is digitized. According to
[9,15,16], the mismatch and distortion can be modeled as an additive
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distortion noise at the transceiver. Let u{ be the undistorted received
signal at node 4 in group g, ¢/ and e be the transmitter and receiver
distortion noise with respect to x? and u?, respectively. The signal
received at the BS in group g is

K
g5 = Hyola) +c)+ Hoo(af +cl) +vo+ef, (2)

k'=1

ud
0
where u§ consists of the UL signal from the UE, SI signal, and addi-
tive white Gaussian noise (AWGN) vector (vg) with covariance oo .
Similarly, the signal received at UE k in group g is given by

K
Ul = Hox(x +c)+ > Hyp(x), +cl)+vi+ef. (3)
k'=1

g
Uk

The first term in (3) is the DL signal from the BS, the second term
contains the SI signal (k" = k) and UL-DL interference signal (k' #
k), and the last term is the AWGN vector. For HD UE, Hy}, j, is zero
(i.e., Hy ;, = 0) and either Vog,k or V7, is zero.

Assuming proper compensation and calibration at the transceiver,

the residual transmitter and receiver hardware impairments can be
approximated as an independent zero mean AWGN with covariance
depending on the signal power [9, 15,16]. i.e.,

¢! ~ CN (0, kdiag(Cov{z?})), 4)
el ~ CN(0, fdiag(Cov{uf})), (5)

where k, 8 < 1 is the transmit and receive error vector magnitude
within the range [-22 dB, -15 dB] according to the 3GPP LTE stan-
dard [17].

Although perfect channel state information (CSI) is usually un-
available, we aim at finding an achievable upper bound of perfor-
mance by assuming that perfect CSI is available throughout this pa-
per. Given that node 7 knows the intended transmitting signals =7,
the SI term H, ”wf can be cancelled. Hence, the residual received
signal of node ¢ in group g is

i

Y/ =y, - Hiz} ©)

Assuming that the decoder treats the interference as noise, the
DL and UL rates of UE k in group g are

Rg,k = log det(Qg’kL Rg,o = log det(QZ,o)» @)
respectively, where
92 T4 (V) HE (IS
~Hy o V2, (VIO HE)  Hiw VY, ®)
with J7 being the covariance of y;
J? = Cov{u?} + Bdiag(Cov{u?}) — H,;V'H,. (9)

Here, V¢ = S8 _, Vog,k'(V(fk’)H

fori = 1,..., K. Cov{u!} is the covariance of the undistorted re-
ceived signal of u?, and is given by
K
Cov{u?} = Z H; ~(V1, + rdiag( ))HZH, + 071 (10)
/=0

fori = 0,and VY = Vif’O(Vi?D)H

3. PROBLEM FORMULATION

Define Up,x(-) and Ux,o(-) as a general utility function for DL and
UL achievable rate of UE k, respectively, P; be the power budget
of node %, and ag,k, aj o € {0,1},Vg, k as two binary assignment
variables. If aﬁy r = 1, UE k in group g operates in downlink trans-
mission mode. Similarly, if az’o = 1, UE k in group g operates in
uplink transmission mode. Therefore, we have o , + of , < 1if
UE £ is an HD device. Since handling problems with discrete vari-
ables, the 0/1 restriction is relaxed to ch’ 5 > 0and O‘i,o > 0. The
utility maximization problem is formulated as follows

K G G
max Zuo,k(z ag . R x) —H/{k,o(z af (R ,) (P

V,7T,a
k=

K
D IVELIE < Poand [ViEo|l% < Pi,Vk,g, (CD)
k=1
G

subject to 27-9 =1land7? > 0,Vg, (€2)
g=1

af +ak0§1ng, (C3)
a0,k > 0and k.0 > OaVk7g (C4)

Generally, utility maximization is known to be nonconvex. A
stationary point can be computed by the WMMSE approach [11-
14], which can decompose the problem into subproblems that can be
easily optimized in an alternating optimization (AO) fashion.

Theorem 1 Given 79 and o .,, define

0,477

G
Ciw (1) & —Usw ( - ZTgafﬁi,logdet()). (11)

g=1

Also, assume that U, ;/(-) is a strictly increasing function. Thus, a
well-defined inverse mapping of VC; ;+ (-), denoted as ~y; ;+ (-), exists,
such that

Uiir(Rijir) = —

\b

G
g
gl Z zz’ )+sz(7zz(W z/))
W =

7,1

i,0

- tr(W'gi/'yi,i’ (Wfﬂ))v (12)

where EY ., = I — 2(UZ'71.,)HHM~/VZ.QZ./ + (Ulzqi,)HJZ:q,UZ:qi, and
W2, is positive semidefinite for all i, i'and g. The optimal U,
and W7, is given by

(Jg) le z/‘/i il
-

R

(13a)
(13b)

(Uig,i’)* =
(W'g'/)* = i, i a” 1(

1,4

i,i"/;i-/)_lv
where 1; i = VU; 31 (-).

The proof of Theorem 1 is similar to the proofin [12,14]. Hence,
a WMMSE reformulation of problem (P) is

tr(Eg,kWOg,k) + tr(Ei‘i,oWé’,O)
+ Co,k (Y0, (W( 1)) — tr(W¢ 70,6 (W4 1)

+ Cr,0(Yr,0(Wi o)) — tr (WY 5vi,0(WY))
(P-WMMSE)

K G

min E E
v, u,w

o, k=1 g=1

subject to (C1)-(C4) being satisfied.
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_ 1
To apply AO, we first initialize o, = 2,79 = & and ran-

domly generate V' such that (C1) is satisﬁed Then, {U, W'} is up-
dated using (13). With {U™*, W*}, and by the first order optimality
condition, the closed-form update of V is

(87 + NI HL U, WY, (14)

1,7

(V;i,)* =

where A is the Lagrangian multiplier for node ¢ obtained by bisec-
tion search on (14) such that (C1) is satisfied, and S is

K
S7 2% (Sin (U WELUF)™)

+ S0 (UL W, UL)")) ~ HIEATH,., - (159)

S..#(B) 2 rdiag(H{", BH, ;1) +rdiag(BH/" diag(B

+ H/BH, ; + BH/, diag(B)H, .

VH,; i)
(15b)

Here, A; = Y, 1U,§OW,fO(U,§’O)H fori = 0, and A; =

ngW(i]z(ng) fori=1,.., K.
Once V* is obtained, Rg  and R} 70 can be found by (7).
7= [}, ..., 7" is updated by solving (P) with respect to T while

fixing the other variables. Provided that when {; ;/ (-) is concave, the
solution of 7 can be computed by the gradient-projection method.
Afterwards, define ov; ;v = [0 i/, ...,af,/]", and {ow k, otk0 Hioy
is updated by solving (P) using {V*,7*}. Since finding the
global optimal solution of {apo k, ak,o}le in each step may fix
{0k, k,0}4—7 at 0 or 1 at early iteration, one-step gradient pro-
jection is applied in each iteration. Therefore, the update of oo i
and o o is

gk o,k + tN0,kT0,k
. P ) ) ) , 16
|:ak 0} o < |:ak,0 + t77k',07°k,0:| ) (16)

where r; ; = [7! RZ i GRG ]%, t is the step size obtained by
backtracklng line search and Pg( ) is the projection onto the set

= {ook, a0 € RY|(C3), (C4)}. The iterations continues until
V converges. The process is summarized in Algorithm 1.

Algorithm 1: Proposed joint processing algorithm
1 Randomly initialize V such that (C1) is satisﬁed
andsetTg— Vgandonkfakof ,Vk, g
repeat for all & g
2| UGy« (J7)™ HOkVOk’
Uk,o — (J5)~ lHk,OVk,o )

3 W(ik“WO,kTgag,k(I*(Ug,k)HHO,kVog,k) >

Wy < mor®af o (T = (UL)" HioVE)
]
4| Vi, (S84 M) HEUS WS,
-1
Vi« (Sp+MI)  HEUL W,
5 | Update T by solving (P) w.r.t. T subject to (C2).
ag ok + tNo,kTo,k
6 Ok P, 0 T .
|:ak,0:| < sz( {ak,o + tMk,07k,0
7 | Round of , and o ; to O or 1 after [ iterations.
until V7, and V}?, converge.
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One can verify that the update of the variables at each step is min-
imizing a locally tight upper bound of the objective function in (P)
by following the proof of Theorem 1 in [13] and Theorem 2 in [14].
By the convergence result of Block Successive Upper-bound Mini-
mization (BSUM) (see Theorem 2 in [18]), the proposed algorithm
is guaranteed to converge to a stationary point.

4. NUMERICAL RESULTS

Numerical results of the proposed algorithm are presented in this
section. We randomly generate K = 10 users within a sin-
gle hexagon picocell; we use the source code in [15] to do so.
Proportional fairness utility is considered in our simulation, i.e.,
Uo,k(-) = Ur,o(-) = log(-), Yk. The number of transmit and receive
antennas at the BS is Ny, = N,, = 4. Furthermore, we assume
Ny, = Ny, = do,x = dr,0 = 2, Vk. For picocell deployment, ac-
cording to the 3GPP LTE (TR 36.828) evaluation methodology [19],
the cell radius is 40 meters, the minimum distance between BS and
UE is 10 meters, the noise power o7 = —174 dBm, and the power
budget of BS and UE are Py = 24 dBm and P, = 23 dBm, respec-
tively. We model the channels as H; ;; = 192311/?1.,14, where each
entry of H; ;/ are independently generated according to CA/(0, 1)
and ¥, ;s is the path loss between node ¢ and i'. Hence i, is the
path loss of the SI channel, or the SIC in analog domain, of node <.
We set Y90 = —20 dB. The path loss (dB) between BS and UE k is

Yo ] 103.8 4 20.91og,, d, for LOS, (17)
(or 9i0) | 145.4 + 37.5log,, d, for NLOS,
and the path loss (dB) between UE k and &’ is
Dkt _)98.45+20log,yd, d < 50 meters, (18)
(k' #£0,k) | 175.78 + 40log,o d, d > 50 meters.

Here, d is the distance between two nodes in kilometers. LOS and
NLOS stand for line-of-sight and non-line-of-sight communication,
respectively. The probability for LOS communication is given by

Probros = 0.5 — min(0.5, 5 exp(—0.156/d))
+ min(0.5, 5 exp(—d/0.03)). (19)

We choose k = 8 = —20 dB. The performance is evaluated by
measuring the cumulative distribution function (CDF) of the pro-
portional fairness utility. The results are based on 300 channel re-
alizations. We compare the proposed algorithm with the following
baseline systems:

FD-Z: Both BS and UE can operate in FD mode. This system
assumes the ideal case in which UE have no SI, i.e., Hy ; = O for all
k. This system serves as the upper bound of performance evaluation.

FD-83: This is the traditional FD system that considers the use
of FD BS and FD UE, and we assume the SIC of UE in analog do-
main is 83 dB, i.e. ¥x,,; = —83 dB Vk, which is a very high value.

HD-R: System with FD BS and HD UE. A set of UL/DL users
are randomly selected with equal probability.

Half-duplex system: Both BS and UE are HD devices. The
optimal UL and DL beamformer is obtained by solving the following
optimization problem

G/2 G
max Zlog ZT“R‘“ + log( Z ngRi?O) (20)
g1=1 g2=5+1

subject to  both (C1) and (C2) being satisfied.



Note that we initialize V5 = 0and Vi; = 0,Vk when solv-
ing (20).

We first compare the proportional fairness CDF with G = 2,10
and 20 in Fig. 1. To avoid most of the T from becoming zero at early
iterations, the update of 7 starts after 100 iterations and the total
number of iterations is 200, where one iteration means all variables
are being updated once. The curve “—&—"" represents the proposed
algorithm considering FD BS and HD UE. Here, o will be rounded
to 0 or 1 at the final iteration step. From Fig. 1, we see that the
system performance can be significantly improved by increasing the
number of groups. When G > 10, systems with the use of FD BS
outperform the half-duplex system even when SIC is only 20 dB. In
addition, the performance of the proposed approach is the closest to
the upper bound (i.e., FD-Z).

Table 1 shows the average computation time of the proposed al-
gorithm and the baseline systems (implemented in Mathworks Mat-
lab 8.5) running in a desktop computer (equipped with Intel Core
i7-5820 CPU 3.30 GHz, 32 GB memory). We observed that the av-
erage computation time of the proposed algorithm is similar with
that of the other baseline systems, because it only has an additional
one-step gradient projection in each iteration. Also, the running time
increases with G. We see that there is a tradeoff between computa-
tional complexity and system performance, but the improvement of
system performance shows in Fig. 1 are well worth the trade-off.

Table 1: Average computation time of various systems (in seconds)

Proposed | FD-Z | FD-83 | HD-R | Half-duplex
system
G=2 | 124 | 116 | 121 | 1.66 1.00
G=10] 379 | 398 | 301 | 3.63 353
=30 | 880 | 952 | 9.40 | 847 10.53

We next compare the convergence speed of the proposed algo-
rithm and the baseline systems in Fig. 2. We plot the average value
of the system utility versus iteration number with G = 20. Updating
of T after the 100th iteration leads to a sudden increase of the sys-
tem utility. As can be seen, the convergence speed of the proposed
algorithm and the baseline systems are very similar.

Finally, Table 2 shows the percentage of active UEs operating in
FD mode. For active UEs, we mean the UEs that are transmitting
and/or receiving data. For FD-83, we observed that less than 1.5%
of the active UE are operating in FD mode. In addition, Fig. 1
shows that the proposed algorithm outperforms FD-83. It is worth
mentioning that 83 dB SIC in analog domain is already very high
and very difficult to achieve. These results imply that the use of FD
UE may be unnecessary.

Table 2: Percentage of active UE operate in FD mode

G=1 G=10 G=20
FD-Z | FD-83 | FD-Z | FD-83 | FD-Z | FD-83
1.67% | 1.27% | 8.17% | 0.55% | 9.53% | 0.17%

5. CONCLUSION

In this paper, we proposed a joint processing beamforming algorithm
that takes practical factors into consideration: system utility max-

imization, UL/DL user selection and UL-DL interference manage-
ment. We formulated the problem as an integer programming based
WMMSE algorithm . The proposed algorithm also employed a user
grouping technique to deal with the UL-DL interference. Numer-
ical results demonstrated the superior performance of the proposed
algorithm with FD BS and HD UE by comparing the CDF of the pro-
portional fairness utility with that of half-duplex systems. Lastly, we
observed that even though high SIC FD UEs are used, UEs tend to
operate in HD mode. Therefore, high cost FD UEs are not required
when carrying out FD data transmission in MU-MIMO systems.
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Fig. 1: Proportional fairness CDF with different number of groups
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