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Abstract—Millimeter wave (mmWave) communications
are highly affected by blockage, whereas the emerging
reconfigurable intelligent surface (RIS) has the potential
to overcome this issue. This paper proposes a Neyman-
Pearson (N-P) criterion-based blockage-aware algorithm to
improve resilience to blockage in mobile mmWave multiple
input multiple output (MIMO) systems. By virtue of this
pragmatic blockage-aware technique, we further propose
an outage-constrained beamforming design for RIS-assisted
mmWave MIMO transmission to achieve outage probability
minimization and achievable rate maximization. Specifically,
we propose an accelerated projected gradient descent (PGD)
algorithm to solve the computational challenge of high-
dimensional RIS phase-shift matrix (PSM) optimization.
Particularly, we formulate a new Nesterov momentum ac-
celeration scheme to speed up the convergence rate. Exten-
sive experiments confirm the effectiveness of the proposed
blockage-aware approach and the proposed accelerated PGD
algorithm outperforms a number of representative baseline
algorithms in terms of the achievable rate performance.

Keywords—Blockage detection, mmWave, reconfigurable
intelligent surfaces, robust beamforming, projected gradient
descent

I. INTRODUCTION

Signal transmissions at mmWave bands are susceptible
to an extremely high path and penetration loss. By virtue
of large-scale antenna arrays, path loss at mmWave bands
can be compensated by highly directional beamforming
at both transmitter and receiver, in which a very narrow
beam pattern is used to provide high-directional gain
[11, [2]. However, the high-directional mmWave transmis-
sion experiences extreme sensitivity to the blockage. It
normally incurs a rapid degradation of signal strength,
resulting in a higher outage probability. To overcome
such a challenge, the recent emergence of reconfigurable
intelligent surfaces (RISs) provides a potential solution by
utilizing their unnatural reflection property [3], [4]. Unlike
traditional amplify-and-forward relays and coordinated
multi-point (CoMP) transmission, RIS is almost passive.
Such a deployment has the potential to give rise to a
dramatic improvement in the overall network’s signal-to-
interference-plus-noise ratio (SINR) performance.

Note that the validity of a RIS substantially depends
on whether the blockages can be effectively detected.
Prior works in the literature have focused on blockage
prediction, robust beamforming, and outage minimum
to overcome such challenges [3], [4]. With the aid of
CoMP transmission, a stochastic-learning approach has
been proposed to capture crucial blockage patterns and
a robust beamforming design to combat uncertain path
blockages. Most recently, a stochastic learning-based ro-
bust beamforming design and a lightweight algorithm
for blockage status sensing have been proposed for RIS-
assisted mmWave systems in the presence of random
blockages [5].

In this paper, we develop a pragmatic blockage-aware
algorithm to substantially reap the benefits of the RIS,
such that when the line-of-sight (LOS) link is blocked,
the base station (BS) can immediately steer the dominant
beam towards the RIS and create an alternative reflection
link for the mobile station (MS). Furthermore, we propose
a robust beamforming design for downlink mmWave
MIMO transmission to achieve outage probability min-
imization and achievable rate maximization.

The rest of the paper is organized as follows. In
Section II, we introduce the system model and elucidate
the problems for the outage probability minimization and
rate optimization. Section III, we provide a statistical
decision-making framework for blockage detection. In
Section 1V, a robust beamformer is formulated, and a pro-
jected gradient descent (PGD) based algorithm is derived
for achievable rate maximization. Simulation results are
shown in Section V, and the paper draws conclusions in
Section VL.

II. SYSTEM MODEL AND PROBLEM STATEMENT
A. System Model

Consider a RIS-assisted mmWave MIMO communi-
cation system in the downlink, as illustrated in Fig. 1,
where the RIS, with N reflecting elements arranged, is
utilized to provide a substitutable link in the presence of
random link blockages. A BS with a HAD beamforming
architecture uses a uniform linear array (ULA) of NV
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Fig. 1: RIS-assisted mmWave MIMO communication system: A downlink transmission subject to blockages.

transmit antennas and NRF RF chains to serve K MSs.
We assume that each MS is equipped with N,.-antennas
ULA and N}F RF chains, and N} RF chains can be
configured for a specific MS k to transmit varying N,
data streams (Vg < N RF) During downlink transmission,
the data stream s = {s; }X_, s, € CN:*1 s processed by
a set of digital baseband precoders {FBBk}k 1, FBB, €

CNEXNs followed by a set of analog RF precoders
{Frr, }k:K:17FRFk € CNuxxNs  Likewise, a hybrid com-
biner is realized at the receiver by concatenation of an
RF combiner Wgg, € (CN ra XN and a digital baseband
combiner Wgg, € CN= XN

We define K = {1,2,..,K} as the set of K
MSs. For an arbitrary MS k£ € K, when the direct
link is blocked, we suppose that N} element of the
RIS can be partitioned as a subarray of size Zj X Jg,
given Zk N < N, I, < T ad J, < J.
Er(0) = diag(0) € (CNk xNk is the phase-shift matrix
(PSM), where 8 = [e1%x, .. eifur . |7 e CNex1,
{0,,, k}m 1 Tepresents a set of phase shifts (PSs) induced
by Ny RIS elements, and 6,  is the (z,7)th entry.

On the downlink, the transmitted signal to the kth MS
in a generic HAD mmWave system is given by

ke, 1)

where Fj, = Frg, Fpg, € CV-*Nek is the hybrid pre-
coder, and can be naturally different for individual MS;
s € CN+*1 i5 a normalized transmit signal vector, i.e.,
E{Jlse[?} = 1.

With the Rician fading channel model, both the direct
path and the reflection path are considered, such that the
channel matrix between the BS and the kth MS can be
described by

Xy, = Fisg,

o K04,k Oc ik LOS
H.(0) = H H..(0), ke K
k(0) = e Pt 1 dk + 1 ok(0), ke
(2a)
=~ §d,k ’fﬁc,k NLOS
H,(0) = H H. .(0), ke K
k(0) = ex PR Ve x(0), k€
(2b)

where Hq ) € CNrxNek represents the direct BS-MS
channel, and H ;,(0) = H} B, (0)H; ;, € CN*Nek rep-
resents the cascaded BS- RIS MS channel, both associated

with the MS k. Here H, j, € CN**Nt and H; 5, € CNr> Ve
are the indirect channels between the BS and the RIS
(BS-RIS) and the RIS and MS (RIS-MS), respectively. In
addition, s € [0,00) is the Rician K factor; & € [0,1]
is a normalized random variable that represents the link
loss rate caused by the blocker, and £, = 0 associates to
worst-case channel condition, that is, the case that the
kth MS is fully blocked. g4 and o) are the fading
coefficients of the direct and indirect links, respectively. In

K@d,k

order to unburden the notation, we denote vy = o1

and v; = g“ 7 by the two random variables accounting

for the effects of both the path loss and Rician K -factor
in sparse scattering environments.

Accordingly, the IV, x 1 received signal vector at the
antenna array of the kth MS, y, can be expressed as

¥i. = Do Wi Hy X + UrwkHkaEk(a)Hi,kxk +ny,,

dominant signal: Ya,k reflected auxiliary signal: Yk

(3a)

'ik = skT;OW,Ide,kxk + 171WkHkaEk(0)Hi7ka +ny,

auxiliary signal: ¥y 5, reflected dominant signal: ¥,

(3b)
where WkH = WgBkWRFk; n, ~ C./\/'{O,cril} is the
circularly symmetric complex additive white Gaussian
noise (AWGN) at the kth MS; a,% represents the noise
variance associated with the kth MS; I € CNr*Nr ig the
identity matrix.

For convenience, we denote Uk = Fk F; as the
transmit beamforming gain, V; = Wk Wk as the receive
beamforming gain, and Z;(6) = H;’ A =, (6)H, ). The
total beamforming gain is given by Q = V;Uy. The SINR
on the kth MS can now be defined in a closed form as

-2

EkUO ‘Hd kQHdk’ + U1 ‘Zk

T'w(0,Q) = )QZ! (6)],

(4a)

)QZ (0 )|
(4b)
where Py = Ntyko,% + Zj;ék g; is the total signal power
received from all the other MSs, and s a measure of the
k MS noise. The achievable rate of the kth user, Ry,

I'1(0,Q) = gkvo |Hy,QHY, | + — |Zk



measured in bits-per-second/Hz, can be calculated by

R1(0,Q) = log, det <Ik + %Om(e)Qﬁf (9)) ,
(5a)

2(0.0) = g, det (1 + - L(0)QF 0) ).
(5b)
At the kth MS, suppose that the numbers of effective
channel clusters for the BS-MS links, the BS-RIS links,
and the RIS-MS links are Lq x, Ly, and L; j, respectively,
the channel matrices in (3) can be represented as

1 La,k i
Hyp = —F—— gg,kaMS (w{?,%“) aps ( ﬁm) )
VRN et
(6)
1 Lr,k H
H: ;= ng’kams (1/13 SAZ) aRrs (625?7 s @égm) ;
VI
)
1 Lix H
Hi ) = Zgﬁkams (¢32A27<P92A2) aps ( 32D2> ;
VIik =
®)
where the angle-of-arrival (AOA) and angle-of-
departure (AOD) are angle-domain representations,

g, and g, are the complex gain of

dk

lth tap of the corresponding links, respectively;
AOA; AOD, AOA, [ ;AOD, _AOD;,

ak 0 Pak }’ {wr,k ’{(br,k » Pr ok and
qbngf, iAgAZ , ??CD’Z are the azimuth (horizontal)

AOA and AOD pairs of ¢th tap for the BS-MS links,
the RIS-MS links, and the BS-RIS links, respectively.
Moreover, ags(¢), ams(¢) and agris(¢, @) represent the
transmit (BS), receive (MS) and reflect (RIS) array
responses (i.e., steering vectors), respectively, given by

1 . ‘ T
aBS(d)) = —F |:1, GJCOS(‘b)’ e eJ(Nf,,kfl)cos(¢):| 7
o
1 jeos() J(Np—1)cos() ] T
aMS(lﬁ):W{l,e s el } ’
) ; A T
aris (0, p) = [1, elé(ew) 6J511(¢,¢)] ’

k

)
where &,,(¢,p) = (v — 1)sin psing + (7 — 1)cos¢ is the
phase of an incoming plane wave at the 25th RIS element,
the geometric factor of the RIS, A is the wavelength and
d is the inter-element distance of the RIS.

B. Problem Statement

We first consider the minimization of outage prob-
ability for arbitrary MS k under pure non-line-of-sight
(NLOS) conditions, neglecting the case of any LOS. Let

Pr {fk (6,Q) < ’y} be the cumulative outage probability

of the MS k. Mathematically, this minimization problem
can be formulated as

Pl : %}1(121 Pr (fk(ea Q) < fyth) ) ke KNLOS)
s.t. TT(Q) S Qtolall»

(10)

where vy, are the required SINR thresholds, corresponding
to minimum acceptable rates. By the definition of the
outage probability, an outage could take place when the
SINR falls below a threshold gi.

Next, we aim to find a set of optimum Uy, V and 6y,
that maximize the achievable rate under the total power
constraint (). To be mathematically precise, this can be
cast as the following optimization problem:

Py : rga&( ﬁk(B,Q), k e KNLOS

s.t. TI"(Q) < Qootals fk(eaQ) > Yih

where Qo the total transmit power constraint. Unless
stated otherwise, we assume that the objective function
R (0,Q) per se is convex and smooth.

(1)

III. BINARY HYPOTHESIS TESTING FOR BLOCKAGE
DETECTION

From the perspective of the statistical decision theory,
we formulate the blockages detection as a binary hypoth-
esis testing problem, whose process can be described by
a 3-tuple (H, Ve, 2.). H = {H;S, HYMO5} is a set that
consists of two hypotheses: H5°S is the null hypothesis
of no blockage and H)'°S is the alternative hypothesis
of blockage; V. = {V5°5, V"5 } is the decision region
with parameter ¢, representing to the disjoint sample sets
V595 and YNEOS that the decide LOS or NLOS channel
condition between the BS and the MS.

Without loss of generality, we can rewrite (3a) as a
time-domain noisy observation y,(¢) at time slot ¢, with
the unknown parameter € and path delay 7, which is given
by

yq(g) =y(ty) = Yd,k(tq) +Yr,k(tq —7) +ng(ty).
(12)
Our goal here is to preemptively detect whether the
strong LOS signal y ;, of interest is present. Formally, this
can come down to distinguishing between the following
two simple hypotheses:

if E>Eth7
if € < Eth,

HOS Yo(€) = Yar + Yo + i,
HLOS -y, (€) =, +
where ey, is a pre-defined threshold value, identifying the
absence or presence of the blockage.
Formally, the probability mass function (PMF) fy, (-)

of this binary hypothesis testing problem under each
hypothesis can be obtained by the following form

HOS 1 V. ~ fy, (e > en| HED),
HYOS 1 Y, ~ fy, (2 < ca[HYS) .

13)

(14)

Upon using the Neyman-Pearson (N-P) Lemma, an
alternative decision rule is to solving the following opti-
mization problem:

on-p(y,(e)) =argmax P (en), as)
g
s.t. P (eq) < a,

where PNMOS(ey,) is the probability of correct blockage
detection; PFLAOS(Eth) is the probability of false alarm,



corresponding to the detection threshold ey, respectively.
In this way, we can model the observed data by a discrete
observation set Y = {Y1,...,Y,,...}, where Y, =
t[y((]o),...,yém),...l € CNerxM and y\™ represents
or each possible observation.

By convention, the probability of detection PYO5 (ey)
and the probability of false alarm PLCS(en) can be
respectively calculated by

PII)\ILOS (cw) = P (HIIILOSH_LIIILOS)

Eth

- T[T eere=s 09

I: Li(en)>A 0
and
R (e) = P (RO [HE)

1

- H fyl(an)(a)de < a, a7

I: Li(eqn)<A®EM

where a € [0,1] is the significance level of the test of
user k. It may be viewed as a transition probability of
going from state LOS to NLOS. For given Fpyx = a,
N-P’s optimal solution for achieving maximum Fp, can
be determined by a likelihood ratio test (LRT), that is, it
follows that the LRT can be expressed as

€th

Iy, (5|’HI{ILOS) de
0

1
/ fr, ([ HE0) de

Eth
NLOS 4NLos
B M /0 fyf{”) (E|7‘[1 ) de 1>

»C({':th) =

(18)

. -

<

1=1 / foom ([HES) de wips
Eth Ya

Mathematically, a deterministic decision rule dnp :
¥, — {1,0} can be reformulated as

1; ﬁ(E[h) > A
on-p(Yg(8)) = 4 & L(em) = A, (19)
O, L(Sth) < A

where dn.p(-) is the N-P criterion-based statistic test
operator. At this point, we have solved the statistical
decision problem raised at the beginning, which follows

that LoS A
V5% & {y,lonr(y,(e)) = 0},

(20)
VIFOS £y, |onp(y,(e) = 1}
IV. OUTAGE MINIMIZATION AND RATE
MAXIMIZATION

A. Outage Minimization with Robust Beamforming

Motivated by the above analysis, we propose a
beamwidth-variant beamforming solution enabling flexi-
ble beamwidth adaptation. Normally, the BS-RIS beam is
designed to be the narrowest beamwidth, such that the
optimization of the transmit precoder F; and the PSM
Z=(0) can be decoupled. As a consequence, the solution

of the outage-constrained problem P; can be divided into
the following two steps. The narrowest BS-MIS beam is
designed first. Then, assuming a local optimal Fj, an
adaptive beamwidth control method can be applied to
further decrease the outage probability.

The first step of the algorithm considers the design
of hybrid precoder Fgp, and Fgg,, of the purpose to
minimize the beamwidth of the main lobe. Most com-
monly, the beamwidth can be defined by the half-power
beamwidth (HPBW), equivalent to the angular width of
the radiation pattern that is at 3-dB down from the
maximum gain of the beam (beam peak). The design
problem of the narrowest transmit beam can be written
as

argmin ®ps(Fpp, , Frr,) = b3 — daasl- (21

Fgg,, , Frey,

In  general, the narrowest possible beamwidth
Op (Fpg,, Fre,) can be directly determined by the
optimal beamforming vector Fgg, and Fgrp, in a
hierarchical multiple-resolution codebook.

Thus, in the follow-up passive beamforming design
step, we formulate an adjustable beamwidth control
strategy by scaling the number of the RIS reflective
elements. In a more compact form, (10) can be explicitly
rewritten as

min ~ Pr (fk(e, Q) < ’Yth|<I>RIs(6,Nk)) , ke KNVOS,

Ppis(0,N%), Q
st. Tr(Q) < Quow, MSEg < (g™,

(22)
where ®gis(0,N}) is a function of 8, Ny, controlling the
beamwidth in the RIS; (g** is the maximum tolerable
level of the inaccurate PSs estimates. ®ris(6,Nf) is
inversely proportional to the distance between the RIS
and the MS.

Compared to a constant-beamwidth strategy, the ad-
justable beamwidth has more design flexibility by scaling
Nk, and there exists an optimal beamwidth that signif-
icantly suppresses the outage probability under different
circumstances. This enables us to carry out an adaptive
beamwidth control procedure that provides more resilient
connectivity.

B. Rate Maximization with Projected Gradient Descent

We now consider the globally optimal solution for
problem P,. Following the famous Nesterov momentum
acceleration method, we devise an accelerated PGD algo-
rithm.

To solve problem P, in a standard gradient descent
fashion, we can reformulate, in terms of the feasible set
F = {0, Q}, the optimization problem in a more compact
form

R;'(6,Q),

arg min

ke ICNLOS. (23)
6cO, QcQ

Similarly, the objective function ’R,;l holds continu-
ously differentiable and has a known gradient Lipschitz
constant (e.g., L-Lipschitz continuous). Our main focus of
this subsection is to find the global minima of the function
R,;l, which is equivalent to excluding all local minima.

It is convenient to define Pr(u) = MV as the



Euclidean projection from a vector of u onto an individual
vector v in a feasible set F. Exactly speaking, it refers to
a function from R™ to R™, which in our case is to simply
find @ and Q that is closest to feasible sets © and Q,
respectively. Mathematically, the projection operation onto
the constraint set © and Q can be cast as the following
optimization problems:

(24a)
(24b)

Po(6) = argmin [[9 — 6],
P = i — Q|2
2(Q) = arg Iin 1Q — Qll2

In standard Nesterov’s accelerated gradient method,
an extra momentum term is first introduced to gradient
descent on R,;l at each iteration. After that, the parame-
ters @ and Q are iteratively updated by re-projecting each
of them onto the constraint set © and Q. The updating
process of Nesterov’s momentum and parameters over
two successive steps is summarized through the following
recursive formulas

R+ = ) _ uén)VGﬁEl (e(n)’Q(n)) ’

25
e+ — pg (e(n) T T’(n+1)) 7 (25

and

X(n+1) — Ax(n) _ Mgl)vQﬁlzl (0(”)’Q(n)) ,
QY — pg (Qm) n x("“)) 7

where ("1 and x(**1) are the accumulated momentum
terms at the (n + 1)th iteration; The hyperparameter
v € [0,1] and A € [0, 1] represent the level of inertia
in the descent direction (a.k.a momentum coefficient),
which can be usually chosen by trial and/or with a model
selection criterion [6]; u(e") € (0,1) and ugb) € (0,1) are
the step sizes used in nth iteration.

Following directly from the derivation in [7], the
complex-value gradient of R;l with respect to € and Q
can be explicitly formulated as follows:

Veﬁ;?l(@vQ) =Vi (HII{{U,kE_lQ(O)HBR,k) ,
VoR;1(6,Q) = Q7 (6)=71Q(9),

where V(-) denotes the vectorization operator that stacks
the columns to create a single long column vector,
as a straightforward calculation technique. The detailed
calculation procedure of the complex-value gradient is
rigorously derived in [7], as a straightforward technique.

(26)

(27a)
(27b)

V. NUMERICAL RESULTS

In this section, we evaluate the outage probability and
achievable rate with the detailed Monte Carlo simulation.
We consider a rectangle RIS comprising 1024 elements
arranged in a 64 x 64 matrix. The distance between BS and
RIS dpsrgis is set to 100 meters, and the corresponding
angle between BS and RIS is fixed at 45 degrees. We
adopt the total free space path loss (FSPL) ratio model
proposed by [7]. The system is assumed to operate at 28
GHz carrier frequency.

Fig. 2 plots the detection probability versus false alarm

probability with a given SNR value, and demonstrates
the effectiveness of the proposed blockage detection algo-
rithm. It can be observed from Fig. 4 that with the SNR
progressively increasing, the false alarm probability PLOS
is significantly reduced. For instance, assuming the opti-
mal threshold to achieve a probability of detection PEOS
of 0.9, the probability of false alarm PLOS drops from
0.1 (SNR=2 dB) to less 0.001 (SNR=10 dB). Moreover,
we observe that a higher SNR can substantively improve
the detection threshold, and SNR=10 dB is generally
acceptable for blockage detection.

Next, Fig. 3 shows the outage probability as a function

of the transmit power at the BS. We compare the outage
performance of the proposed adaptive beamwidth control
scheme with the fixed beamwidth solution given in [8].
In our experiment, the reliability of estimate s is set to
be 0.95, 0.85, and 0.5, so as to evaluate the impact of the
channel estimation error. From Fig. 3, one can observe
that outage performance with the proposed approach sig-
nificantly outperforms the method in [8] under various
CSI uncertainty settings. It can be explained as a wider
reflecting beam is capable of providing a larger range of
coverage, thereby providing resilient connectivity over the
indirect RIS-MS link.
_ In Fig. 4, we analyze two cases for the achievable rate
Ry, and for the downlink sum-rate Rys. The performance
is compared with the reference paper [9] and [10], with
consideration of the impact of the number of the RIS
elements N, on the achievable rate, where ¢, € [0, 1]
represents the reliability of the channel estimate. For the
following analysis, we further investigate the effectiveness
of the proposed PGD-based optimization method for RIS-
assisted transmission. By examining Fig. 4, we clearly see
that the proposed PGD approach significantly boosts the
achievable rate performance with respect to the CSSCA-
based and AO-based schemes obtained in [9] and [10].
We observe that by increasing the number of PSs A, the
achievable rate increases.

As a final numerical experiment, we investigate the
convergence behavior of the proposed PGD-based algo-
rithms compared with the aforementioned baseline algo-
rithm. In Fig. 5, our numerical results demonstrate that the
proposed PGD-based algorithm with momentum acceler-
ation, compares favorably with other baseline algorithms,
i.e., CSSCA-based and AO-based algorithms. Evidently,
we see from Fig. 5 that the momentum-accelerated PGD
algorithm is the fastest algorithm. Particularly, by using
momentum, the perturbations are significantly reduced.
This agrees with the intuition that the momentum term
allows for finer convergence to take place, helpful in
finding a global minimizer.

VI. CONCLUSION

In this paper, a new way of alleviating the effect
of the blockages in the RIS-assisted mmWave MIMO
communication system is proposed. Our analysis high-
lights the importance of the N-P criterion-based detector
in substantially alleviating the impact of the blockages.
Preliminary results have proven that with this integrated
blockage sensing capability, the detection of mmWave link
availability could be tractable. We further confirm that by
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leveraging the momentum-based optimization algorithms,
the proposed PGD algorithm significantly outperforms the
existing baseline algorithms and provably converges to the
global optimum.
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Fig. 4: Achievable rate performance.
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