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Abstract—In this paper, a new transceiver architecture for
K-user multiple-input single-output (MISO) broadcast channels
(BCs) based on linear and non-linear mixture reception is
proposed as an alternative to conventional fully linear zero-
forcing (ZF) downlink beamforming. In the new transceiver
architecture, two closely-aligned users are paired as a group,
and superposition coding and non-linear successive cancellation
(SIC) reception based on Pareto-optimal design is applied to each
closely-aligned two-user group, while ZF beamforming is main-
tained across roughly-orthogonal groups. Numerical results show
that the proposed new architecture yields non-trivial gain over
conventional full ZF beamforming by mitigating the performance
degradation of full ZF beamforming caused by closely-aligned
channel vectors.
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[. INTRODUCTION

Multi-user multiple-input multiple-output (MU-MIMO) is
one of the key technologies for current and future wireless
systems [2]. In MU-MIMO, precisely speaking, MU-MISO,
the base station (BS) equipped with multiple transmit antennas
transmits data to spatially-separated multiple users each with
a single receive antenna. Thus, even in line-of-sight (LoS)
radio propagation environments, MU-MISO can provide mul-
tiplexing gains for high data rates. However, the capacity of a
MU-MISO broadcast channel (BC) is achieved by highly non-
linear transmitter processing of dirty-paper coding (DPC) [3],
whereas the capacity of single-user (SU) MIMO can simply
be achieved by linear eigen-beamforming [4]. To circumvent
the burden of DPC, researchers resorted to MU diversity
and user scheduling to yield good performance only with
linear downlink beamforming for the past decade [5], [6].
That is, when the number of users in the cell is sufficiently
large for a given (relatively small) number N; of transmit
antennas, the BS can choose N; users with nearly-orthogonal
channel vectors so that linear ZF or minimum mean-square
error (MMSE) downlink beamforming is sufficient due to
the near orthogonality among the scheduled users’ channels.
Unfortunately, such nearly-orthogonal user selection is very
difficult and user scheduling based on linear downlink beam-
forming is ineffective under rich scattering environments when
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the number of transmit antenna is large [7], [8]. Thus, in
MU-MISO with a large number of transmit antennas it was
proposed that the BS selects the served users arbitrarily and
uses linear ZF beamforming [7]. However, in such cases, the
channel vectors of some of the selected users would be closely
aligned so that the rough orthogonality among selected users’
channels is destroyed and the performance of ZF beamforming
is degraded.

In this paper, hinted by the fact that non-linear processing
is required for optimal performance for MU-MISO BCs and
inspired by the usefulness of superposition and SIC decod-
ing in non-orthogonal multiple access [9] and rate splitting
for limited feedback MU-MIMO [10], we propose a new
transceiver architecture for MU-MISO BCs to enhance the
performance of fully linear downlink beamforming, based on
mixture of linear and non-linear reception. The basic idea of
the proposed architecture is as follows: For a given set of
channel vectors in a MU-MISO BC, if the channel vectors
of some users are closely aligned, the performance of the
closely-aligned users is significantly degraded with linear ZF
or MMSE beamforming. However, if we group the closely-
aligned users and apply superposition coding and non-linear
SIC reception for the closely-aligned user group while ZF
beamforming is maintained across roughly-orthogonal other
users, the performance degradation by fully ZF beamforming
can be alleviated. In this paper, as an initial step towards this
research direction, we consider grouping of two users and
propose a relevant design procedure for this new architecture.

II. SYSTEM MODEL

We consider a K-user Gaussian MU-MISO BC with a BS
equipped with NV; transmit antennas and K single-antenna
users. We group the K users into N, groups, where each
group consists of one or two users. So, we have N, €
{K/2 (maximum paring), - -- , K (no paring)}. (User group-
ing will be discussed in Section IV.) After user grouping,
we assume ZF beamforming across groups to control inter-
group interference and assume superposition coding and SIC
decoding for each two-user group. Under these assumptions,
the transmit signal x of the BS can be expressed as

Ng
XZZHU)Z \/pgj)wl(])sgj), IGjl=1or2, (1)
j=1
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where 31('] ) is the transmit symbol from zero-mean unit-
variance Gaussian distribution CA(0,1) for user i in group
gj, wl(j ) is the Ny x 1 beamforming vector for user ¢ in
group G; out of the feasible set W := {w | ||w]? < 1},
p,EJ ) is the power assigned to user ¢ in group G;, and e is
the inter-group IV; x NNy ZF projection matrix for group G;.
The total BS transmit power P, is divided as 2P, /K for each
group with two users and P;/K for each group with one user.
The received signal at user k is given by the inner product
of user k’s channel vector g; and the BS transmit signal
vector x corrupted by zero-mean additive white Gaussian noise
(AWGN).

IIT. Two-USER MISO BC wiITH SIC: PARETO-OPTIMAL
DESIGN

In the proposed architecture, two closely-aligned users are
served with superposition coding and SIC reception to avoid
the penalty of fully linear ZF beamforming. Hence, we first
investigate the optimal design and corresponding performance
of a two-user MISO BC with SIC, to provide a comparison
basis with full ZF beamforming performance in the next sec-
tion. Our optimal design criterion is Pareto-optimality widely
used in MU-MISO beam design.

With the group index omitted, the two-user model can be
written as

yi = W (Vpiwisi +Bjwysg) i i,j € {12}, j#4,

where y; is the received signal of user i, h; is the effective
channel vector of user ¢ incorporating the N; x N; ZF
projection matrix (i.e., h; = IWg;), n; ~ CN(0,0?) is
AWGN, and p; + p2 < P = 2P,/K with P as the total
power allocated to the group. We assume that user 1 has better
channel condition than user 2, i.e., |[hi||?/o? > ||ha||?/o3
and that user 1 decodes the message of user 2 and subtracts
it by SIC before decoding its own data while user 2 treats the
interference as noise. With this assumption, the rates of the
two users are given by

2)

)

and  ri(w;,p;) = p;lhi wy[*.
3)
Note in (2) that for the rate of user 1 the interference from
user 2 is not incorporated due to SIC and the rate of user 2
is determined by not only the signal-to-interference-plus-noise
ratio (SINR) of user 2 at user 2 but also the required ‘SINR’
for user 1 to decode the message of user 2 for SIC. Then, for
given channel vectors (hi,hs), the achievable rate region R
of the two-user MISO BC with SIC is defined as the union

S1(W1,
Rl(wlvpl) = 10g2 (]‘ + %) )
1

Ry (w1, Wa, p1,D2)
— log, (1+min{ 7”1(W27P2) - Sz(Wz,P2) .
s1(wi,p1) + 07 ro(wWi,p1) + 05

where the signal and interference powers are given by

si(wi,p;i) := pi|hw;|?
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of all the rate-tuples that can be achieved by feasible beam
vectors and power allocation:

U

(w1, w2)EW?
p1,p2: p1,p220,
p1+p2=P

R = (Ri(w1,p1), Ro(Wi, wa,p1,p2)). (4)

The Pareto boundary of R is the outer boundary of R for
which the rate of any one user cannot be increased without
sacrificing the rate of the other user and Pareto-optimality
has been used widely as an optimality criterion for MU-
MISO beam design because the rate operating point can be
set optimally [11], [12]. It is known that the Pareto-boundary
can be obtained by solving the following optimization problem
with feasible R} swept [11], [12]:

max RQ(W17W27P17P2) (%)
(w1,w2)EW
p1,p2: p1,p2>0, p1+p2=P
subject to Ry(wi,pi) = RY.

The problem (5) can be rewritten by using (2) in terms of
SINR as

. { 71 (W2, p2) s2(w2, p2) }
max Yo = Mmin 3 )
(w1, wa)EW? 81(W1,p1) + o7 TQ(lepl) + 03
p1,p2: P1,p2>0,
p1+p2=P
subject to s1(wi,p1)/o7 =7, (6)

where ~; is a given feasible target SINR for user 1. The
problem (6) can be solved by an efficient parameterization
of the beam vectors w; and ws. It is known that the Pareto-
optimal beam vectors for the problem (6) can be parameterized
as [13]

Hh2h1 Hﬁ hl
wi(a1, 8 o +0 2 , 7
(a1, B1) 1||Hh2h1|| 1||H}J1_2h1|| (7)
thhg Hﬁ h2
wala r— = /1 —ad —
202) = o T TV T R

where (alvﬂl) € F = {(avﬂ)vavﬂ > 0,0&2 + 62 <
1} and ag € [0, 1]. Unlike the conventional parametrization
without SIC in which both users use full power, the parameter-
ization (7) shows that user 1 may not use full power whereas
user 2 uses full power. Substituting (7) into (3), substituting
the resulting s;(w;, p;) and r;(w;,p;) into the problem (6)
and taking square-root operation, we can reexpress (6) as (10)
and (11) shown at the top of the next page. Here, the parameter
0 regarding the angle between two channel vectors hy and h,

H 2
is defined as 6 := Hllilll\?% € [0, 1]. We further define
the following quantities related to the channel magnitude and

the target SINR for user 1:
Ni = ||hyl[?/o?, i (8)
I:=797/\. 9)

Note that feasible range for I' is I' € [0, P], where the
maximum value P occurs when wq = h;/||h;|| and p; = P
since 71 = s1(w1,p1)/0F = p1|hiwi[*/of.

=1,2

) )
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max v = min J VP Pilbiles VP pilihel (Vas + VI 0y/1-ad) (10)
oy Voieai) pilbalPa? + o7

OépléP
subject to \/p_1||h1||(\/§a1 + mﬁl) _ \/@. )

A. Pareto-optimal beam design and power allocation

The optimization problem (10) - (11) was considered in [13]
with p; = po = 1 under the framework of a two-user MISO
interference channel. In the MISO interference channel case,
two transmitters neither cooperate nor share transmit power
and hence the two transmit power values p; and po are fixed.
On the other hand, p; and py are design variables under the
constraint p; + po = P in the considered MISO-BC case.
Based on the result from [13], we here solve the joint power
allocation and beam design problem (10) - (11). To solve the
problem (10) - (11), for given target SINR ~; for user 1 we
first express the maximum SINR ~, for user 2 in terms of p;
for given p; (p2 = P — p1) by using the result from [13] and
then optimize p; for maximum ~,.

First, based on the results in [13], the optimal solution to
(10) - (11) can be expressed as a function of p; [13]: v4(p1) =

[[hy ||

7P p1) = (P —P) 2D if p1 € P,
* 2 * .
%) = (P = p) @i las Ol ifpr € P,
*(3 hy |2 :
20 = (PP <Py
where
1 if p1 € Py,
c(p1) if
a3(p) =3 VaGoraeoserE TP e 3
dnl . — Vi ifpi e Py,

Vb2 (p1)+c*(p1)

and Py := {pi]a(p1) < b(p1)}, P2 := {p1]b(p1) < a(p1) <
b(p1) + *(p1)/b(p1)}, and Ps = {pila(p1) > b(p1) +
(p1)/b(p1)}-

Then, the original problem (10) - (11) reduces to

max 75 (p1) (14)

0<p1<P

where 5 (p1) is given by (12). One way to solve the problem
(14) is that we sweep p; from 0 to P, determine which P;
each p; belongs to, compute and store the corresponding value
~5(p1), and select p; that yields maximum ~3(p;) after the
sweeping is done. However, a more efficient solution can be
found by the following proposition:

Proposition 1: For given hy, hy, 02, 03, P and 7;, the
set P; to which the optimal solution p$* to the problem (14)
belongs can be identified a priori. If ' < 7 or if 0T > 7 > 0
and P > T + L(V0I — /7) (\/ﬁ+ r{/;), then p{** €
P,. Otherwise, p** € Ps. Here, 7 := 6! (/\f1 +T) - A
and ' and \; are defined in (8).

Proof: Proof is available in [1]. [ |
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TABLE 1

Pareto-optimal design for 2-user MISO-BC with SIC:
[\/P1w1,/pawa] = D(hi, ha,07,03,77, P)

Input: channel vectors hy, hy, noise power o7, 03, target SINR
of user 1 7, and total power P.

Initialization: A1 = ||hy[|?/0?, X2 = ||h2|?/03, 0 =
|hi'h, |2 % _p—1 ( -1 ) 41
Moy (2 ngys [ = 71/AL and 7 =070 (A 74 T) = A

if ol <7
obtain p$** maximizing 'y;<2)

elseif 7 > 0 and P > T+ 25 (V0T — /7) (\/9—p+ A;ﬁ)
(2)

obtain p** maximizing v,
else
obtain p** maximizing v,
endif
Obtain [13] o (p1) =

(3)

it T <pi(1-0),
if T'>pi(1-0).

0
{ V0T /p1 — /(1 —0)(1 —T/p1)

and obtain 87 and o using (11) and (13) with p1 = p'fpt, and
obtain w1 and wo from (7) with af, 87 and 3.

opt

Output: y/pP w1 and pr‘l’ptWQ

Due to Proposition 1 we know which of the three cases in (12)
is applicable to the given combination of h;, ho, 0’%, 0’%, P,
and ~}. Once the set P; to which p?”* belongs is determined,
optimal pS¥* can be found by maximizing the corresponding
Vs @) (p1) in (12) with respect to p;. The proposed algorithm
for optimal power allocation and beam design for two-user

MISO BCs with SIC is summarized in Table 1.

IV. USER GROUPING AND OVERALL DESIGN

Now let us consider user grouping and overall design for
the linear and SIC mixture reception architecture. For given
two users with channel vectors hy and hs, if ZF beamforming
with equal power allocation is used, the rates of the two users
are given by

RZF — log, (1 + a0~ 9)) L RZF —log, (1 + a1 - 9)) ,
2/ 2 2/ 2 [h'h, |

where A = [ [[2/o2, % = |[hol|?/03, 0 = pihel
and P is the total power for the two users. Note that the
sum rate significantly decreases as 6 increases, i.e., the two
channel vectors become aligned. On the other hand, if we
pair the two users and apply the Pareto-optimal beam design
and SIC decoding described in Section III, a low bound on the
corresponding sum rate is given in the following proposition:
Proposition 2: Under the simple power allocation strategy
that assigns minimum power p1 min (= 77 /A1 = I') to achieve
the target SINR ~7 to user 1 and the rest of power P to user
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2, for sufficiently large A\;I" and AT with 6 € (0, 1], the sum
rate is lower bounded by

R1C 4+ RITC > log, (1 + M\ P) —

(15)

where € > 0 is arbitrarily small.
Proof: For the simple power allocation strategy, from
(12), the SINR 5 of user 2 can be obtained as

-1

2
—1
P-T 1 0 1+A, T—1o—1!
Pl 1 |14 0 e - 7
. N | T 1 [
VY2 = .
if 0 S 91
P-T 1 :
— if
T oras T 0> 01,

(16)
where 0 := 1 [—A;lrl + \/A;2r—2 +4A T+ 1)}
For sufficiently large \iI" and AsI', 6; approaches to one,
and hence the condition 6 < 0, is satisfied and ~5 is given

by the upper formula in (16). Then, it can be shown that, as
Ao, M I' — o0, 45 converges to

27 —1
P-T 1 0 142,011
lim 7 1+ * A 7 -1
MT—oo TN ATID-1 41 1-0 1+ X, Tt
Ag'— o0
_P-T
=—

From the fact that 47 = A\ I', we have for sufficiently large
/\1F and /\QF

P-T
Ri+ Ry > 10g2(1 + )\1F) + 10g2 (1 + T) —€

P_(a) r P
log,[(1 + AlF)f] > 10%2[(5 +MD)=

F]
logy (1+ M P) —

where (a) is from the fact '/P < 1 by the definition of I". ®

Since the optimal power allocation obtained in Section
IIT outperforms the simple power allocation considered in
Proposition 2, the sum rate in Proposition 2 is a lower bound
on the optimal sum rate. Hence, a sufficient condition for
R{TC + RS1C > RZF + RZT is obtained as

1 _ _ _ _ _
621—5(—()\11+)\21)+\/()\11+)\21)2+)\21P>,

where we denote the RHS of the above equation by 6. Thus,
if the two users’ channels with sufficiently large A\ I" and \oT"
have 6 larger than 6, the Pareto-optimally designed superposi-
tion coding and SIC decoding outperforms the ZF beamform-
ing. Therefore, by smartly pairing two closely aligned users as
a group and applying Pareto-optimal beam design and SIC to
each two-user group, while applying ZF beamforming across
groups, we can enhance the system performance over full ZF
beamforming.

The proposed overall design procedure for the K-user
MISO BC based on linear and non-linear SIC mixture recep-
tion is presented in the below:

Step 0) Given information: K users’ Ny x 1 actual channel
2

vectors g1, -+ , g and thermal noise variances o3, - , 0%,
total power P, shared by all K users
Step 1) Initialization: & = {1,..., K}, Gy = [g1, - ,&K],

Lecount = 1
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Step 2) Select user k1 as k1 = arg max, c ||gu |

Step 3) Construct the semi-aligned user set A for K1 as
follows: For each uw € U \ {1}, compute the angle between
the effective channels of user x; and user u, and the angle
threshold as follows:

N L
h = HG“\{NI u}gﬁu hu|n1 = HGM\{NI,“}gTM

|hm1\u U\'il'

”hmlu” ”hulm ”2 '

1= % ( (A'ﬂ\u + )\U\%ﬂ) + \/(A)ﬂ\u + )‘u\m )2

where IIj is the projection matrix onto the orthogonal
complement of the column space of matrix A, Gy {x,,u} 18
the matrix composed the columns of Gy, except the columns
corresponding users 1 and u, A, |, = ||hm|u||2/0§1, Aujrs =
|y, |?/02, and P 2P,/K. Then, set A = {u €
UN\{r1} | Ou =00}
Step 5) Decide whether to pair a user with k1 or not, and
design the beam vector(s) correspondingly:

IfA=0,then G; ., ={r1}, U < U\ {k1}, and

design the beam vector for user x1 in group G;,,,., as

gtmm /P 1L
! HGM\{Nl}gm”|HGM\{N1}gm||(~1

K1lu

O = and 0, =

7)
else
Rg = argmin”hu\mna (18)
ueA
giwum = {Kl,fﬁg}, Uu+—u \ {Kl,fﬁg}, and (19)

design the beam vectors wf"“‘”’“” and wg"“‘”’“” for users
k1 and ko in group G; .., by applying the Pareto-
optimal beam design algorithm in Table I with the
prOJected effective channel vectors HGM\“1 .y 81 and

Gu\{ , 8y 3S the two algorithm input channel vec-
k1,5
tors and with power P.

Step 6) If U # 0, icount = tcount + 1 and repeat steps 2) to
5). If U = 0, set the number N, of the designed groups as
Ng = icount and stop.

In the proposed scheme, the number of users in each group
G; (which can be either one or two) and the number N,
of groups are automatically determined, and II(), pl(-j ) and
WEJ ) in (1) are fully determined. In the proposed mixture
method, if a user’s channel is sufficiently misaligned from
all other users’ channels so that there is no gain in pairing
for SIC, the user is served alone by the ZF beam vector with
power P;/K. On the other hand, if a user’s channel has a
sufficiently aligned another user’s channel, the two users are
paired and the two-user Pareto-optimal superposition beam
design and SIC are applied to the two users. In the pairing,
the user with minimum channel norm is selected in (18). This
is because if a user with weak channel is unpaired in the end,
the user will be served alone by a ZF beam vector with power
P,/K and the resulting rate is small since the channel norm
is small. Hence, by pairing such a user with a compatible
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Fig. 1. Sum rate: The proposed method versus the full ZF method

strong user and applying two-user SIC decoding, both of the
paired users can be benefitted from pairing. Note that in the
proposed mixture scheme, ZF is applied across the designed
groups Gi,---,Gn, and the performance degradation of the
full ZF beamforming is mitigated by proper pairing of two
semi-aligned users and applying superposition coding and SIC
to the constructed pairs.

A. Feedback and Complexity

To implement the proposed mixture scheme, the channel
vectors of K users should be fed back to the BS as in full ZF
downlink beamforming. Furthermore, the strong user in each
two-user group should be notified to perform SIC. This notifi-
cation can be done by some downlink control channel parallel
to downlink data channel. Note that the weak user in each
two-user group treats the interference as noise and thus the
weak user need no additional information. Furthermore, there
is no inter-group interference since inter-group interference is
taken care of by downlink ZF beamforming across groups.
Thus, the only additional feature of the proposed scheme is
notification to the strong user in each two-user group and SIC
operation at the strong user in each two-user group.

V. NUMERICAL RESULTS

Here, we provide some numerical result to evaluate the
proposed method. We considered a K-user MISO BC with
K = N, where K channel vectors gy, -+ ,gx were gen-
erated independently from zero-mean complex Gaussian dis-
tribution with the identity covariance matrix CN (0, I). The
sum rates of the proposed scheme and the full ZF scheme
were computed for each channel realization and the average
sum rates were obtained over 1000 independent channel re-
alizations. The result is shown in Fig. 1. It is seen that the
proposed method yields non-trivial gain over conventional full
ZF downlink beamforming. It is also seen that the gain over
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full ZF beamforming is large at the high SNR range where
the performance is limited not by noise but by interference
and ZF beamforming is equivalent to MMSE beamforming.
It is seen that in the case of N; = 32, at low SNR, the full
ZF performance is slightly better than the proposed mixture
scheme although the performance gap is insignificant. This is
because the sum rate lower bound in Proposition 2 is based
on the assumption of sufficiently large A\;I" and A.T, i.e., high
operating SNR. Even with this assumption, the method works
well except for very low SNR.

VI. CONCLUSION

In this paper, we have proposed a new framework for
precoder-and-decoder design for MU-MISO downlink using
linear and non-linear SIC mixture reception at the receiver
side. For the proposed transceiver architecture the required
feedback information at the BS is the same as that for
conventional ZF beamforming, but receivers should have the
capability of SIC and certain receivers need to be informed to
perform SIC by some forward-link control channel. Therefore,
when receivers are equipped with SIC capability in com-
ing mobile networks, the proposed transceiver architecture
provides an effective alternative to conventional fully linear
downlink beamforming for MU-MISO downlink.
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