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Stochastic Learning Robust Beamforming for Millimeter-Wave
Systems With Path Blockage
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Abstract—We introduce a new robust, outage minimum, mil-
limeter wave (mmWave) coordinated multipoint (CoMP) beam-
forming scheme to combat the random path blockages typical of
mmWave systems. Unlike state-of-the-art methods, which are of
limited applicability in practice due to their combinatorial nature
which leads to prohibitive complexity, the proposed method is
based on a stochastic-learning-approach, which learns crucial
blockage patterns without resorting to the well-known worst-
case optimization framework. Simulation results demonstrate the
superior performance of the proposed method both in terms of
outage probability and effective achievable rate.

Index Terms—Millimeter wave communication, MIMO, block-
ages, coordinated beamforming, machine learning.

I. INTRODUCTION

HE EXPONENTIALLY increasing demand for wire-

less data rates imply that future wireless systems such
as the fifth generation and beyond (5G+) cellular networks
must be designed to cope with severe spectrum shortages.
Millimeter wave (mmWave) technology, which aims at the
realization of multi giga bits per second (Gbps) data rates by
operating at higher frequency bands between 24 GHz and
300 GHz, has been studied in recent years as a key solution
to this problem [1], [2].

Indeed, mmWave communications have the great advantage
of enabling systems to be equipped with more antenna ele-
ments, due to the shorter carrier wavelengths in comparison
to traditional microwave systems. On the other hand, a major
challenge of mmWave systems is their severer signal attenu-
ation compared to microwave systems, which stems not only
from the fact that received signal power decreases in propor-
tional to the carrier frequency squared, as described by Friis
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formula, but also from less diffraction and higher levels of
absorption by atmospheric gases [3]. In light of the above,
many advanced channel estimation and hybrid beamforming
methods have been proposed in the literature [4]-[9] in order to
both exploit the system dimension advantage and compensate
for the propagation limitation of mmWave systems.

A fundamental challenge that remains, however, is that
mmWave signals are susceptible to random blockage resulting
in unpredictable channel uncertainties [10]-[12]. To over-
come this difficulty, new blockage-robust mmWave beam-
forming approaches have been proposed in recent literature.
For instance, in [13], [14] a machine-learning based proactive
received power prediction method was proposed, which lever-
ages spatiotemporal image sensing side-information to enable
the acquisition of blockage probability.

In turn, in [15], [16], a robust coordinated
multipoint (CoMP) beamforming design based on the
worst case optimization approach has been proposed to
ensure a prescribed communication performance under such
random blockages.

In this letter we contribute to this trending topic by propos-
ing a stochastic framework for the design of outage-minimum
robust mmWave CoMP systems, which has two main differ-
ences over the state-of-the-art proposed in [15], [16]. First,
while the algorithm proposed in [15], [16] relies on the well-
known worst-case optimization approach [17], which requires
all conceivable quality of service (QoS) constraints to be con-
sidered thus leading to high computational complexities and
possible instabilities,' our proposed method is based on an
stochastic optimization framework that enables us to avoid
dealing with such combinatorial operations and yields decent
solutions even in ill-conditioned scenarios. Secondly, while a
maximization problem with a sum-rate objective was consid-
ered in [15], [16], the fundamental goal of robust beamforming
design for mmWave systems subjected to uncertain blockage
is rather to minimize the required QoS violation (i.e., out-
age probability), indicating that the formulation in the latter is
somewhat sub-optimal.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

Consider the downlink of a single carrier CoMP nar-
rowband mmWave system in which multiple synchro-
nized base stations (BSs) cooperatively serves single-antenna
downlink users subjected to unpredictable blockages. For
such a scenario, let b € # = {1,2,...,B} and u €

IThe worst-case method requires that the target QoS be satisfied even in
ill-conditioned scenarios, which may not admit a feasible solution in some
realistic circumstances.
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% = {1,2,..., U} denote the BS and downlink user indices,
respectively, with B and U denoting the total number of BSs
and downlink users.

It has been shown [11], [15], [18], [19] that unpredictable
blockages occur with 20%-60% probability, leading to signifi-
cant loss in the achievable throughput. In order to abstract such
non-ideal effects, we consider a probabilistic model [15], [16],
in which each path undergoes random and independent block-
age, whose frequency of occurrence can however be obtained
as side-information for the system optimization, as shown
in [13]. In other words, the blockage probability of each com-
ponent channel path can be assumed to be known at the BSs
and employed in robust beamforming designs.

Following [20], it is assumed that the channel contains a
random number K, ,, of clusters, which is modeled as [21]
Ky ~ max(1,Possion(A)) with the intensity parameter
A, where one of the number of clusters Kj , corresponds
to line-of-sight (LoS) and the rest of them are regarded
as non-line-of-sight (NLoS). It is furthermore assumed that
channel state information (CSI) is acquired and tracked contin-
uously exploiting the reciprocity between uplink and downlink
of standard time division duplex (TDD) systems, such that
channel estimates can be modeled as

Kb u
~ 1 :
i = 4|

b,u Kb,u

Z gl?,zuaT(gﬁgfu)v

where ¢m denotes the angles of departure (AoD) of the m-
th cluster from the b-th BS towards the u-th downlink user

and ap (4}’ ) is an array response vector at the transmitter,
while gg”

is the associated channel gain modeled as gg”
- PLm

CN (0,10 ) with PL? = a+1031ogyo(dp,y)+€ [dB]
in which db u 18 the dlstance (in meters) between the b-th BS
and the u-th user and the parameters «, 3 and £ are determined
according to [21, Table IJ. .

In spite of the knowledge of hy ,,, during actual downlink
the system might be subjected to partial outage if and when
any or some of the LoS and non-line-of-sight (NLoS) clus-

ters become temporarily blocked, such that the actual channel
between the b-th BS and the u-th user can then be modeled

(D

as
Kbu
hbau = \ K K Z Wb u9b, ua’T(qbb u) 2)
b,u
m=1
where w;®, € {0,1}Vm € {1,..., K}, } denotes a Bernoulli

random variable with mean py", depicting the corresponding

outage probability.

Assuming that each BS is equipped with a uniform lin-
ear array (ULA) with N; transmit antenna elements and
half-wavelength spacing, let f;, € CNex1 denote the
transmit beamforming vector from the b-th BS towards the
u-th user subJect to a maximum transmit power constraint
Y wew 1 b ||2 < Prax,p» such that the received signal y,, at
the u-th downlink user can be written as

o= bp Foutut Y. > Ay +

be# u'EU\u beEA

2Although one may consider the case that some paths are blocked at the
channel estimation and unblocked for the data transmission, we assumed that
such scenarios are negligible as the channel would not simply be considered
for data transmission due to the few number of mmWave paths [21].

IEEE WIRELESS COMMUNICATIONS LETTERS, VOL. 9, NO. 9, SEPTEMBER 2020

= hlzjfuxu + Z hlzjfu/mu’ + 1,

w €U\
where z,, is the unit-power transmit signal intended to the u-th
user, n, denotes independent and identically distributed (i.i.d.)
circularly symmetrlc additive white Gaussmn noise (AWGN)
at the u-th user, ie., ny, ~ CN(O o ), and the vectors
hy and fu are respectively defined for all u € % as

hu - [h‘l u,...,h%7u]T andf’u,é [frlr,uv"wf%,u]’r

3)

B. Problem Formulation

Given the system model described above, in this subsection
we offer an optimization problem formulation corresponding
to the mmWave robust CoMP downlink beamforming design
subject to unpredictable path blockage, which does not rely on
a standard deterministic robust optimization framework such
as the ones considered, e.g., in [15], [16].

In particular, our formulation consists of the following
stochastic sum-outage-probability minimization problem?:

minimize Z Pr{Ty(hu,f) < yu} (4a)
f 7
ueEY
subject to Z Hfb,u”% < Pmax,b Vb, (4b)
uEW

where v, denotes the target signal-to-interference-plus-noise
ratio (SINR) for the u-th user and the corresponding effective
SINR I',, can be written as

AR

SwemuPifwl? +o2
where f 2 [f1,... f|T € CBUNexL,

Notice that in contrast to deterministic formulations in [15],
[16] — which are based on a worst-case sum throughput
maximization framework and Taylor convexification with com-
plexity that grows exponentially with B, U and Kp, -
Equation (4) is stochastic and has only as many constraints as
the number of BSs due to the power constraints. In addition,
compared to state-of-the-art robust beamforming methods such
as those in [15]-[17], which aim at maximizing sum through-
put in detriment of outage, the objective of the mmWave
optimization problem formulated in equation (4) is to preserve
the system’s continuity subject to QoS guarantees and under
maximum transmit power constraints, which we argue is a more
direct solution to the problem posed by random blockage.

III. PROPOSED METHOD

In this section, we propose a novel robust beamforming
algorithm based on stochastic learning, aiming at solving the
intended nondeterministic optimization problem given in equa-
tion (4). To that end, we first introduce an indicator function
Ir, (hy.f)<~, defined as

1 if Ty(h, f) <
Iy (hufy<m = {O otherwise ’ ©)
which yields
minimize Z Ewgnu {ﬂru(hu,f)<fyu (7a)

uEY

3In this letter, we consider the sum-outage probability as objective for
the sake of tractability and effectiveness, which can be seen as a variate
of the conventional sum-rate maximization or sum-mean square error (MSE)
minimization problems.
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subject to Z Hfb,u”% < Prax,b Vb- (7b)

ueEY

One may notice that equation (7) can be seen as
an empirical risk minimization (ERM) problem [22], studied
thoroughly in the machine learning and stochastic optimization
literature and known to be solved efficiently via stochastic
approximation approaches, which are widely adopted due to
their complexity and memory requirements, as well as their
easy-to-implement nature [23].

In light of the fact that the channel gains and correspond-
ing AoDs are assumed to be known at BSs, as described
in equations (1) and (2), we furthermore remark that pos-
sible combinations of blockage patterns due to wb can be
randomly generated under the assumption that path blockage
probabilities are somehow predictable [13] and can be utilized
during stochastlc optimization as part of the data set design.

Let h be the 7-th data batch for by and ¢ € {1,2,..., N}

with N denotmg the size of training data. Then, Equatlon (7
can be further rewritten in an ERM fashion as

mlmmlze — Z Z { ~t ] (8a)
h u
t 1w (u7f)<7
subject t0 > [I£3.4l13 < Prax,p V- (8b)
ueY

A universal technique to deal with variety of ERM
problems such as that described by equation (8) is the
gradient descent (GD) approach. This approach requires, how-
ever, the successive evaluation of sum-gradients which
imposes high complexity especially in setups with large data
sizes. In order to circumvent this issue, an efficient alternative
to GD is stochastic gradient descent (SGD) [24], in which the
solution at each ¢-th iteration is updated based on the recursion

FO = =1 _ o, Z V]lru

ueY

(ﬁ; »f) <Yu ’ (9)

where oy is a suitable stepsize at the ¢-th iteration.

Notice that it is difficult to directly compute the gradi-
ent direction in Equation (9) due to the non-smoothness
of the indicator function given by equation (6). Hence, we
further introduce the generalized smooth hinge surrogate
function [25], which is given by

~1
0 if 1 _Du(uf) <0
_, 9 Yu
V(ﬁz7f) = 716 (1 — W) otherwise
Cu(n) oy Peld)
fyu u b
(10)

where 0 < € < 1 and its gradient with respect to f is

~1
0 if1—F“<37u"’f> <0
Vo (Rl f) - relud) o, (i f)
u otherwise
v, (h.f L Tu(hyf
—7gu ) 1f1—7<,yu ) > €.

(11

1559
Algorithm 1 SGD-OutMin Beamforming Scheme
Inputs: Initial estimate: f(o), Data set: ‘H
Outputs: Optimized beamforming vector: f
1: Sett =1, p = oo and tmax = 109,
2: while ¢ < tmax and p % 10~6 do
3 Sample data batch h,, Vu from H.
4 Compute - g Vu(h f (t— 1)) from eq. (11).
S: Update f(t according to eq. (13).
6 Project f () onto the feasible set (12b) [26], [27]
7o p=f®O — D andr =1 + 1.
8: end whlle
9: f = f
From the above, Equation (8) can be rewritten as
t
mlmmlze — Z Z (hu,f) (12a)
ue%t 1
subject to Y [Ifp.ull3 < Pmax,p Vb, (12b)
ueY

which can be solved by the projected SGD algorithm with the
following update

FO =00 —ap 30 V(b £4),

(<4

13)

where f(t_l) indicates the solution at (r+ — 1)-th iteration.

Note that in equation (13), we omit the normalizing factor
1/N as it is independent from the optimal condition. In order to
compute the gradient VI',, with respect to the stacked beam-
forming vector f, it is necessary to equivalently reformulate
the SINR formula given in equation (5) as

FUHf

~1
Fu<hu,f) = THole o (14)
FUHLf + 02
with
H! = diag(ew) ® huhu : (152)
HY = diag(e.) ® hhRY | (15b)

where e, € {0,1}U*! is the standard basis of length U
in which only its u-th element is 1, e, denotes the ones’
complement of e, (i.e., negation of e,) and ® expresses the
Kronecker product operator.

In light of all the above, the gradlent VT, ( w> f) with
respect to f can be finally written in closed-form as

~t ~t
HJf _ fUH,f
~1 - 2
UHf+0? (fHH;f+ag)
A summary of the here-proposed SGD-based outage-
minimum robust beamforming design for mmWave CoMP

systems with unpredictable blockages, dubbed the SGD-
OutMin for short, is offered as a pseudo code in Algorithm 1.

H.f. (16)

\ (ﬁfw ) -

A. Remarks on the Proposed Algorithm

Regarding the complexity of the proposed algorithm,
one may readily notice that the most expensive opera-
tion at each iteration is calculation of the sum gradient
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direction in equation (13) and (16), which can be com-
puted with the order O(N2B2U) by leveraging the sparsity
and conjugate symmetry of the Hermitian matrix. Although
further accelerations and extensions of the algorithm can
be achieved by incorporating various emerging techniques
such as stochastic variance reduced gradient (SVRG) [23] and
momentum methods [28], they are left to be tackled in future
works due to the fact that the scope of this letter is to pro-
vide a scalable and effective robust beamforming framework
for mmWave CoMP systems with unpredictable blockages.

In addition, given [29], the learning rate o is adjusted to be
shrunk as the number of iterations increases such that sufficient
convergence conditions of the standard SGD for smooth non-
convex optimization problems:

o oo
Zat — 00, Za% < 00, (17
t=1 t=1

are satisfied.

IV. SIMULATION RESULTS

In this section we evaluate the proposed method via software
simulations both in terms of achieved outage probability and
of the corresponding effective throughput defined as Ref =
WE[logy (1 + )], where © = Ty (hy, f) if Ty (bu, ) > Yu.
x = 0 otherwise, and W is the sub-carrier bandwidth. Also we
define Pyyt, being the outage probability of the u-th user.

As already remarked earlier, state-of-the-art sum rate
maximization (SRM) methods rely on a worst case
optimization framework where all conceivable blockage pat-
terns are taken into account as constraints so that the minimum
throughput among such combinations can be maximized. As
a consequence, probabilistic blockage was considered thereby
only at LoS for a fixed number of clusters, because the com-
plexity of the approach makes it prohibitive to apply to a more
general and stochastic model such as the one considered here.

In light of the above, we compare the performance of
our proposed beamforming design with the well-known max-
imum ratio transmission (MRT) beamforming (also known as
conjugate beamforming), SRM beamforming without CoMP,
and SRM beamforming with CoMP as a special case of the
state-of-the-art proposed in [15], [16]. In order to maintain
comparisons in line with the latter references, it is assumed
that B = 4 BSs are respectively placed at each corner of a
square cell with inter-cell spacing 100 [m], with each BS sub-
ject to a transmit power cap of P, p < 30 [dbm], where
the blockage probability can be accurately predictable.

Downlink users are assumed to be randomly placed within
a square region and the noise floor a% at each downlink user
is assumed to be modeled as

02 =10logy (1000 T) + NF +101og;o( W) [dBm], (18)

where & is the Boltzmann’s constant, 7 = 293.15 denotes the
physical temperature at each user in kelvins, the noise figure
at the downlink users NF is assumed to be 5 [dB] and the
subcarrier bandwidth W is 20 [MHz].

For the comparisons, we consider a mmWave system oper-
ating at a carrier frequency of 28 [GHz], with the associated
channel parameters according to [21, Table I] as described in
Section II-A. For the sake of simplicity, it is assumed that
blockage events occur with equal probability (py", = Pplock
Vu, b, m), and that the target SINR is uniformly set to Yy = 1.
Finally, we define Riarg £ logy (1 + ) for the sake of brevity.
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Outage Probability vs. Blockage Probability
100 Parameters: Ny = 32, U = 3, and Reary = 9
T T T T

90 - -

Outage Probability %]

—®— SRM w/o CoMP
—O— MRT |
—@— SRM w/ CoMP

Proposed SGD-OutMin
I I I I I
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Blockage Probability phiock [%]
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(a) Outage probability as a function of blockage probability ppock

Effective Throughput vs. Blockage Probability

; Parameters: Ny = 32, U =3, and Ry =9
220 T T T T

Effective Throughput [Mbps|

40 4

20 - =

T ——————f—————#
35 40 45 50 55 60
Blockage Probability phiock [%)]

o=
20

25 30
(b) Effective throughput as a function of blockage probability ppjock
Fig. 1. Outage probability and effective throughput comparisons with trans-

mit antennas Ny 32, number of users U = 3, the target throughput
Rtarg = 9, and the subcarrier bandwidth W = 20 [MHz].

In order to demonstrate the scalability and robustness of the
proposed method, we consider two different simulation setups
as follows. First, Figure 1 compares the outage probability
and effective throughput performance of proposed and state-
of-the-art (SotA) schemes as a function of blockage probability
Dblock, With B = 4 BSs each equipped with N; = 32 antennas
transmitting simultaneously to U = 3 single-antenna downlink
users while targeting Riarg = 9, respectively.*

It is found non-surprisingly that the SRM scheme without
CoMP transmission yields the worst performance, being easily
beaten by the relatively simple MRT method due the CoMP
advantage. In comparison, the SRM scheme implemented in
a CoMP setting improves on the latter by demonstrating the
ability to handle inter-user interference. Besides that, it is also
found that the proposed beamforming algorithm outperforms
all the aforementioned SotA methods in terms of both out-
age probability and effective throughput over a wide range

4Rather than arbitrary, this setup is motivated by the conditions of a real-
life implementation of the proposed method, currently under pursuit in a
collaborative research project in Japan.
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Outage Probability vs. Algorithmic Iterations
Parameters: Ny =32, U =3, and Ry =9
T T T T

200 T /

180 =

=
3
T
I

Effective Throughput [Mbps|
B 2
I

Poiock = {20,30,40, 50,60} [%] 1

100 =

Proposed SGD-OutMin

80 I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10

x10*

Iterations

Fig. 2. Convergence behavior of the proposed algorithm with transmit anten-
nas Ny = 32, number of users U = 3, the target throughput Ryarg = 9, and
the subcarrier bandwidth W = 20 [MHz].

of blockage probability, demonstrating the ability to cope
with path blockage over a wider range of block probabilities.
Furthermore, we remark that the proposed algorithm can main-
tain a high data rate even under severe blockage conditions
(i-e., Polock € [50,60]%).

Finally, in Figure 1(d), the convergence behavior of the
proposed method for different blockage probabilities is shown
as a function of algorithmic iterations. The curves show a
clearly sub-linear rate regardless of the blockage probability,
which can be attributed to the inherent variance in gradient
direction as discussed in [23], implying that further accel-
eration may be possible by exploiting variance reduction
techniques, which will be pursued in a future work.

V. CONCLUSION

We introduced a new stochastic-learning-based robust beam-
forming design framework for CoMP systems to combat
unpredictable random blockages in mmWave channels. Unlike
state-of-the-art methods which are based on the worst-case
robust optimization framework, the complexity of our con-
tributed method does not scale with the number of active clus-
ters, such that the scheme is applicable to realistic mmWave
systems. Simulated comparisons indicate that the proposed
technique outperforms the state-of-the-arts both in terms of
outage and achievable rates, which further demonstrate that the
proposed scheme can retain decently high effective throughput
even under a high blockage probability condition.
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