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Coordinating Multiple Intelligent Reflecting
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Abstract—Conventional beamforming methods for intelligent
reflecting surfaces (IRSs) or reconfigurable intelligent surfaces
(RISs) typically entail the full channel state information (CSI).
However, the computational cost of channel acquisition soars
exponentially with the number of IRSs. To bypass this difficulty,
we propose a novel strategy called blind beamforming that
coordinates multiple IRSs by means of statistics without knowing
CSI. Blind beamforming only requires measuring the received
signal power at the user terminal for a sequence of randomly
generated phase shifts across all IRSs. The main idea is to extract
the key statistical quantity for beamforming by exploring only
a small portion of the whole solution space of phase shifts. We
show that blind beamforming guarantees a signal-to-noise ratio
(SNR) boost of ®(IN?L) under certain conditions, where L is
the number of IRSs and NN is the number of reflecting elements
per IRS. The proposed conditions for achieving the optimal SNR
boost of ®(N*) in a double-IRS system are much easier to
satisfy than the existing ones in the literature. Most importantly,
the proposed conditions can be extended to a fully general
L-IRS system. The above result significantly improves upon the
state of the art in the area of multi-IRS-assisted communication.
Moreover, blind beamforming is justified via field tests and
simulations. In particular, as shown in our field tests at 2.6 GHz,
our method yields up to 17 dB SNR boost; to the best of our
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knowledge, this is the first time that the use of multiple IRSs
gets verified in the real world.

Index Terms—Intelligent reflecting surface (IRS), reconfig-
urable intelligent surface (RIS), multi-IRS/RIS systems, blind
beamforming without channel state information (CSI).

1. INTRODUCTION

NTELLIGENT reflecting surface (IRS), aka reconfigurable

intelligent surface (RIS), is an emerging wireless network
device that aims to improve wireless environment by manipulat-
ing signal reflections [1], [2], [3], [4]. Owing to its much lower
cost and much lower energy consumption, IRS can provide
an alternative to small base-station and relay for enhancing
throughput, coverage, connectivity, and reliability in future net-
works such as the industrial Internet of Things (IIoT). While
the early studies [1] concentrate on a single IRS, the current
trend is towards the multi-IRS coordination [5], [6]. Many
existing methods in this field require the full channel state
information (CSI), thus suffering the curse of dimensionality
when IRSs are deployed extensively. To bypass this difficulty,
we propose a novel strategy called blind beamforming that is
capable of optimizing phase shifts across multiple IRSs in the
absence of CSIL.

Our approach is inspired by the two recent works [7], [8],
which suggest the potential of optimizing phase shifts blindly
for a single IRS without CSI. Given the whole solution space
) of phase shifts (which is too large to explore fully), [7],
[8] propose only testing a small subset of possible solutions
S C Q at random, from which a statistical quantity (e.g., the
conditional sample mean) of the received signal power can be
obtained to help decide phase shifts. The resulting solution is
not restricted to S. While [7], [8] focus on a single IRS, this
work aims at a full generalization of blind beamforming that
accounts for multiple IRSs.

Because the number of channels is exponential in the number
of IRSs, channel estimation is a tractable task only in some sim-
ple settings, e.g., when there are two IRSs [9], [10], [11], [12],
or when the multi-hop reflected channels are all neglected [13].
Some studies are devoted to the overhead reduction for channel
estimation in IRS systems, e.g., the deep learning method [14]
and the two-timescale optimization [15]. Aside from the com-
putational difficulty, channel estimation for IRS also imposes
a huge practical challenge because of the communication chip
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issue as well as the network protocol issue [8]. To the best of
our knowledge, the existing prototype realizations of IRS [7],
[16], [17], [18], [19], [20] seldom involve channel estimation.
Actually, even if the exact CSI has been provided, it is still
quite difficult to decide phase shifts for multiple IRSs. The diffi-
culty arises from the fact that every multi-hop reflected channel
is incident to more than one reflecting element (RE) of distinct
IRSs and hence their phase shifts must be optimized jointly. To
render the problem tractable, a common compromise [21], [22],
(23], [24], [25], [26], [27], [28], [29], [301, [311], [32], [33], [34],
[35],[36],[37]istoignore the multi-hop channels. Many existing
analyses and methods build upon this approximation, ranging
from delay alignment [21] to ergodic rate [22], secure transmis-
sion [23], spectral efficiency [24], outage probability [25], [26],
and full-duplex transmission [27]. The above approximation has
also been extended to the multiple-user case for a variety of
system design problems related to IRS, e.g., the sum rates max-
imization [28], [29], [30], the IRS placement optimization [31],
the target sensing [32], the joint sensing and communication
[33], [34], the joint unmanned aerial vehicles (UAV) and IRS
aided transmission [35], [36], and the federated learning [37].
However, the above simplified channel model with multiple
IRSs could be fundamentally flawed. If each signal reflection is
incident to only one IRS, then the multiple IRSs distributed at
the different positions can be basically thought of as a single
IRS. As a result, the signal-to-noise ratio (SNR) boost is at
most ©(L2N?) according to [8], where L is the number of
IRSs and N is the number of REs of each IRS. In contrast,
this work shows that a much higher boost of ©(N?£) can be
reached by harnessing the multi-hop reflections. Actually, the
previous work [38] already shows that the two-hop channels
play a crucial role in enabling an SNR boost of ©(N?) for a
double-IRS system. Nevertheless, the argument in [38] is based
on a fairly strong assumption that only the two-hop reflections
exist while the rest channels are all null. Similarly, [39], [40]
only assume the existence of the longest cascaded channels
(which are incident to every IRS) from transmitter to receiver in
a general L-IRS system. A line of other works [41], [42], [43],
[44], [45], [46], [47] simplify the multi-IRS channel model in
the opposite way. They only consider the one-hop and the two-
hop reflections while neglecting all the higher-order reflections.
Differing from all the above works, this paper does not require
any channels to be zero. As a major result of this work, we show
that the highest possible SNR boost of ©(N2£) can be achieved
by blind beamforming without making any zero approximations
of the channels.
The main contributions of this paper are summarized below:
1) We propose a blind beamforming method for the double-
IRS system. It extends the existing blind beamforming
algorithm by performing the CSM method [8] for the two
IRSs sequentially. Although this extension is natural and
simple, its performance analysis is by no means trivial.
We show that the optimal SNR boost ©(N?) can be
achieved under the following conditions C1 (when multi-
hop channels can be decomposed), C2 (when the phase
shift resolution is sufficiently large), and C3 (when the
multi-hop channels are sufficiently strong). The proposed
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optimality conditions are much easier to satisfy than the
existing ones in [38], [48].

2) We further extend blind beamforming to the fully general
case with L IRSs. The extension is still straightforward:
we perform CSM [8] sequentially across the L IRSs.
Again, the difficulty lies in the performance analysis.
The main result in this part of our work is to extend
the optimality conditions C1-C3 to the multi-IRS case
as D1-D3. To the best of our knowledge, this is the first
known set of nontrivial optimality conditions for more
than two IRSs.

3) Aside from simulations, we conduct field tests to demon-
strate the proposed blind beamforming method with mul-
tiple IRSs at 2.6 GHz. The test results show that our
method can outperform the benchmarks significantly for
both indoor and outdoor environments. To the best of our
knowledge, this is the first time that the use of multiple
IRSs is verified in the real world.

The remainder of the paper is organized as follows. Sec-
tion II describes the multi-IRS channel model and formulates
the beamforming problem mathematically. Section III intro-
duces the blind beamforming method for a double-IRS system.
Section IV extends the proposed method to a general L-IRS
system. Section V shows field test and simulation. Finally,
Section VI concludes this work.

The Bachmann-Landau notation is extensively used in the
paper: f(n) = 0O(g(n)) if there exists some ¢ >0 such that
|f(n)| < cg(n) for n sufficiently large; f(n) = o(g(n)) if for
any ¢ > 0 it holds that |f(n)| < cg(n) for n sufficiently large;
f(n)=Q(g(n)) if there exists some ¢ > 0 such that f(n) >
cg(n) for n sufficiently large; f(n)=0(g(n)) if f(n)=
O(g(n)) and f(n) = Q(g(n)) both hold. Moreover, the phase
of a complex number x € C is written as Zx, and the discrete
set {a,a+1,...,b—1,b} is written as [a : b] for two integers
a < b. The cardinality of a set A is written as |.A|; the absolute
value of a complex number a is written as |a|. For convenience,
we summarize in Table I the main variables used in the sequel.

II. SYSTEM MODEL

Consider a point-to-point wireless transmission in aid of L >
2 IRSs. Assume that the transmitter and receiver are equipped
with one antenna each. Assume also that every! IRS consists
of N REs. We use ¢ € [1: L] to index each IRS, and use n, €
[1: N]toindex each RE of IRS ¢. Let 6,,, € [0, 27) be the phase
shift induced by RE n, into its associated reflected channels.
From a practical stand [8], [16], [17], [18], [19], [20], assume
that each 0,,, of IRS £ can only take on values from a uniform
discrete set

2
D, ={w,2w,..., Kw} where w= % (D
¢

given a positive integer Ky > 2, namely discrete beamforming.
We use hy, ..., to denote the cascaded reflected channel in-
duced by the REs (ny,na,...,nr); let ny = 0 if the channel is

'We assume that IRSs have the same number of REs in order to facilitate
performance analysis. But this assumption is not required for the practical use
of blind beamforming as discussed in Section V-A.
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TABLE I

LIST OF MAIN VARIABLES
Symbol Definition
L number of IRSs
N number of REs of each IRS
K, number of phase shifts choices for each RE of IRS /
T number of random samples for blind beamforming
ne index of the nth RE of IRS ¢
hni,..n; | cascaded channel induced by REs nq,...,nr
uﬁfg) factor component of hy,, ..., related to RE ng
On, phase shift of RE n,
0, solution of 6,, by the proposed method
0, continuous solution of #,, as K; — oo
éfl . approximate continuous solution of 6.,
DY set of reflected channels related to RE m of IRS /¢
’D(()Z> set of channels not related to any RE of IRS /¢
AL subset of DY unrelated to at least one IRS
Eff) subset of D,(f;) related to every IRS

not related to IRS /. For instance, if L =3 and N = 10, then
ha 0,6 represents a reflected channel incident to the 2nd RE of
IRS 1 and the 6th RE of IRS 3, which is not related to any RE of
IRS 2. In particular, hy, ..o represents the direct channel from
the transmitter to the receiver. For the transmit signal X € C
and the complex Gaussian background noise Z ~ CN (0, 0?),
the received signal Y € C is given by

>

(n1,...,np)E[0:N]L

Y =

By € 20 X 4 7 (2)

For each ny = 0, we accordingly set 6,,, = 0. When specialized
to the double-IRS case with L = 2, the above equation can be
rewritten as

N N
Y= hooX + Y ot X + Y hon,emX

ni=1 no=1

direct signal

reflected signal due to IRS 1
N N

+ Z Z h7117n26j(9n1+6n2)X +Z?

ni=1ns=1

reflected signal due to IRS 2

3

reflected signal due to both IRS 1 & IRS 2

as illustrated in Fig. 1. In most of this work, we assume a general
integer L > 2. Section III focuses on the special case of L = 2.
With the transmit power P = E[| X |?], the received SNR is

2

3 b Sk 0, £
Nni,...,NL 0,2'
(n1,...,n)€[0:N]E

SNR = “

We wish to evaluate the performance gain brought by the IRSs.
Toward this end, let us also compute the SNR without using
any IRS as a benchmark, that is

P
SNRg = |ho,. o|® -t )

Receiver

Transmitter

Fig. 1. A double-IRS system with L = 2, where hg,g is the direct channel,
{hny,0,ho,n, } are the one-hop reflected channels, and {hn, n,} are the
two-hop reflected channels.

We seek the optimal set of phase shifts {6,,,} that maximizes
the SNR boost, i.e.,

maximize SNR (6a)
{60, } SNRy
subject to  0,, € Pg,, Vn,. (6b)

The difficulties of the above problem are two-fold: (i) the vari-
ables are discrete; (ii) the channels {h,, .., } are unknown.

III. DOUBLE-IRS CASE

The conventional paradigm for IRS beamforming comprises
two stages: first estimate the cascaded channels {h.,, ..., } and
then optimize the phase shifts {0, }. But channel acquisition
does not scale well with problem size because the number of
channels grows exponentially with the number of IRSs. Alter-
natively, one may just estimate the channel matrix between ev-
ery pair of IRSs and subsequently recover the cascaded channels
{hn,....n, } by multiplying the associated between-IRS channel
matrices together, so that the number of channels to estimate
decreases to 2N L + (S)N 2= O(N?L?). However, the above
method is costly in practice because it requires deploying a
sensor at each RE to detect the pilot signal for channel esti-
mation. Differing from most approaches in the literature, this
work sidesteps channel estimation and optimizes phase shifts
directly in the absence of CSI.

A. Blind Beamforming for a Single IRS

Before proceeding to the double-IRS case, we first review
the so-called conditional sample mean (CSM) method in [8]
for configuring a single IRS without any channel information.
We then let L = 1. Since there is only one IRS, the IRS index
¢ can be dropped for ease of notation, i.e., ny reduces to n.

If all the channels were already known, then a natural idea
would be to align each reflected channel h,, with the direct
channel hg. If the perfect alignment cannot be achieved due
to the discrete constraint ¢z, one may rotate h,, to the closest
possible position to hq in the complex plane, namely the closest
point projection (CPP), whereby phase shift is determined as

(N

The aim of CSM is to mimic CPP without knowing Zh,, and
Zhgy. The method works as follows. We first generate a total

05" = arg min |0 + Zh,, — Zhy|.
0cd i
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of T random samples 8*) = {0,(5) |n € [L:N]} with each o)
drawn uniformly from @y, for the sample index ¢ € [1: T1.
Let G,, 1, C [1:T] be the set of indices of those samples oW
satisfying 05{5) = kw, i.e.,

Gt = {te 1 :T}‘H,(f) :kw}. ®)

We measure the received signal power |Y (V|2 corresponding to
each random sample O(t), based on which a conditional sample
mean of |V ()|? is computed for each G,, 1, as

~ 1
E[|Y|? |6, = kw] = G > y®pR. )

teEGn i

The solution by CSM, denoted 6/,, maximizes the conditional

sample mean with respect to each RE, i.e.,
0! = arg max E[|Y[*|6, = ¢]. (10)
pePK
Define the average-reflection-to-direct-signal ratio to be
N
hol* 7

which converges in probability to a finite constant for N suf-
ficiently large. The behavior of CSM is characterized by the
following proposition.

Proposition 1: (Theorem 2 in [8]). The CSM method is
equivalent to the CPP method in (7) and yields a quadratic SNR
boost in the number of REs in expectation, i.e.,

SNR ,
R | —p e,

so long as K >3 and T = Q(N?(log N)3), where the expec-
tation is taken over random samples of (61,...,0n).

Remark 1: CSM only requires trying out a polynomial num-
ber of possible solutions (61, ...,6,), which occupy a small
portion of the whole solution space of size K.

Remark 2: For the binary beamforming case with K = 2,
i.e., when each 6,, € {0, 7}, the SNR boost by CSM may fall
below the quadratic. Rather, the SNR boost can be arbitrarily
close to 0 dB in the worst-case scenario as shown in [8]. In
contrast, an enhanced CSM in [8] maintains the quadratic boost
for any K > 2. Nevertheless, the contrived worst-case scenario
of CSM rarely occurs in practice, so CSM is still a good choice
for binary beamforming.

12)

B. Blind Beamforming for Two IRSs

We now let L = 2. The above CSM method is extended to the
double-IRS case as follows: first optimize IRS 1 while holding
IRS 2 fixed, and then optimize IRS 2 while holding IRS 1 fixed,
as summarized in Algorithm 1. Simple as the extension looks,
it is by no means trivial to analyze its performance. The main
result of this subsection is to establish a quartic SNR boost of
O(N*) under certain conditions.

Let us start with a common misconception. One may think
that the SNR boost can be readily verified for the extended
CSM because each IRS brings a ©(N?) boost as shown in
Proposition 1 and hence the two IRSs together bring a ©(N*)
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Algorithm 1 Blind Beamforming for a Double-IRS System
1: Initialize all the phase shifts to zero.

2: Generate T random samples for IRS 1.

3: fort=1,...,7T do

4: Measure the received signal power |Y (|2,

5: end for

6: forn; =1,...,N do

7: fork=1,...,K; do

8: Compute the conditional sample mean in (9).
9: end for

10: Decide each 6,,, for IRS 1 according to (10).

11: end for

12: Generate 7" random samples for IRS 2.

13: fort=1,...,7 do

14: Measure the received signal power |Y (|2,

15: end for

16: forno =1,..., N do

17: for k=1,...,K5 do

18: Compute the conditional sample mean in (9).
19: end for

20: Decide each 6,,, for IRS 2 according to (10).

21: end for

boost. The above argument is problematic in that the boost
factor p in (12) associated with IRS 1 is impacted by the later
optimization of IRS 2. As a quick example, if the channels
between the two IRSs are all zeros so that only hg o, funy 0, Ro,n,
survive, then the two IRSs can be recognized as one whole IRS,
and thus the highest possible boost is ©(NN?). The reason is
that each hg ,, is included in the fixed direct channel when
analyzing the SNR boost for IRS 1, but subsequently it can be
altered dramatically by the optimization of IRS 2. Thus, the key
question is: how do we preserve the SNR boost of the previous
IRS when optimizing the current IRS? The following theorem
provides a set of sufficient conditions in this regard.
Theorem 1: If a double-IRS system satisfies the following
three conditions:
C1) the channels between the two IRSs are line-of-sight
(LoS) so that the two-hop channel matrix has rank one
[38] and can be factorized as

h1,1 : h1,N Ugl)
' = [[u® W@ a3
hni - hnnw US\P

where ul) # 0 and u{? # 0 for all n € [1:N];
C2) Ky, Ky > 3;
C3) there exists a constant y € [0, 5 — Kil) such that

N

> by

na=1
then the extended CSM method as stated at the begin-
ning of this subsection yields a quartic SNR boost as

[Py 0] <siney - , Vnp€[1:N], (14)

-O(NY) (15)

SNR 6203
SNRq | |hol?
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solongas T = Q(N?(log N)?3), where the expectation
is taken over random samples of phase shifts, and

1 X | X
62 ~ > uf)| and 6y ~ > WPl a6
n1:1 n2:1

Proof: Some concrete examples are provided later in Sec-
tion II-C to illustrate the proposed conditions C1-C3. A for-
mal proof follows. Since |hg|?> and P are fixed, it suffices
to show that E[|g|?] = 6763 - ©(N?), where g represents the
superposition of all the channels with the IRS phase shifts 6,,,

and 6,,, i.e.,

N N
9(9711,0n2) = h0,0 + Z hnl,Oejenl + Z hO,nzejgn2

ni=1

N N

n1:1 n2:1
To establish E[|g|%] = 6263 - ©(N*), we need to verify the con-
verse E[|g]?] = 6263 - O(N*) and the achievability E[|g|?] =
8262 - Q(N*). The converse is evident since

N N N N
|h0,0|+z |hn1,0 "’Z |h07n2‘+2 Z ‘hm,nz|

711:1 TLQ:l 7l1:1 TL2:1

= 5252 . O(N*).

na=1

A7)

2
lg]* <

The rest of the proof focuses on the achievability.

According to the extended CSM method stated at the begin-
ning of this subsection, we first configure IRS 1 with the phase
shifts of IRS 2 fixed to 0, by treating all the channels related to
IRS 1 as the reflected channel and the rest as the direct channel.
Thus, if 6,,, is continuous, its optimal solution is aligning the
reflected channel with the direct channel exactly, i.e.,

N N
Q:LI :Z<h0’0+ Z ho)n2> —Z(hnho—f— Z hn1,n2>-

’ng:l 77,2:1

direct channel reflected channel

When T = Q(N?(log N)?), according to Proposition 1, con-
figuring IRS 1 by conditional sample mean is equivalent to
rotating the reflected channel to the closest position to the direct
channel, i.e.,

/ . o+
t,, = arg Gggl |9 0, ’ (18)
Clearly, we have
0 —0r | < (19)
| ni n1| — Kl

Moreover, we approximate the continuous solution ¢}, by re-
moving the single-hop reflect channels, i.e.,

~ N N
9;1 =/ <h0,0 + Z hO,ng) - Z (Z hnl,n'z)

no=1 no=1
N N
=/ (ho,o + Z hO,n2> - Zu%) —Z < Z u'(rLQz)> ’
1’L2:1 TL2:1
(20)

[N

r=la| < |b-siny ¥

Fig. 2. Illustration of the second step in (21). Let @ = hy, 0 and b=
22[2:1 Rny,ny. According to (14), a must lie on a circle with its radius
smaller than (sin~y) - |b|, so the angle between b and a + b is no greater
than ~ as can be seen from the geometry.

where the second equality follows from the assumption in (13).
Next, we show that é;;l can approximate ;, closely so long as
the conditions C2 and C3 both hold.

With the inequality in (14), we can bound the difference
between 6% ,and 07 as

N N
z <hn1,0+ Z hnl,n2> -Z (Z hnl,n2>|

na=1 no=1

N* * |
|6n1 - 0n1| -

<7

— )

2

where the second step is explained in Fig. 2. Now, with K; >
3inC2and y€ [0, — Kll) in C3, combining (19) and (21)
together gives

0, =0 <+ = <3 22)

ni Kl
Next, IRS 2 is configured with each phase shift of IRS 1 fixed
at 0;, . We now treat all the channels related to IRS 2 as reflected
channel and treat the rest as the direct channel. Thus, if 6,,, is
continuous, its optimal solution is given by

9;2 =
- <h0’0+ Z h"lvoeﬁm> - <ho’”2 + Z h"17”28j0m> .
’I’L1:1 n1:1
direct channel reflected channel
(23)
Again, when T' = Q(N?(log N)?), Proposition 1 gives
0 = in |0 —0* 24
h = arg min |6 — 67| @4
and
N T
67, = 0l < 755 (25)
For ease of notation, we define
N .
o =homy + D Tny iy (26)
n1:1
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It can be shown that

19(61,05)[” = |hoo + Z By 0€7%m + Z g,
ny= 1 no= 1
N 2
m
> <c05~ > |§n2|> : 27)
2 no=1

where the last 1nequa11ty follows by the projection of each

el? na &n, onto ho o + an 1l 06]9"1 and by the fact that the
angle between them is bounded above by /K> according to
(25). We further bound the |&,,]| as follows:

N
|£n2| = hO,nQ + Z hnl,ngejenl
ni=1
N
= th na € O,y + o(N)
ni=1
N
- Z - 307, p3(07, —=07) + o(N)
np=1
N
D13 W@ DI04 o)

n11

(2)

Z |u(1)|e ny =0ny)

n11

®
> |u5122)\ - €oS (’y + )

where step (a) uses the shorthand

N
=L (ho,o +> ho,n2> - (Z u‘”) @)

no=1 na=1

+o(N)

Z ull)| + o(N), (28)

n11

The key step in the above derivation is that 7 is independent of
n1 and hence can be omitted after step (a). Moreover, step (a)
follows by the rank-one assumption in (13) and the definition
of é,*n in (20), and step (b) follows by the bound between 6,
and é;l in (22). Finally, combining (27) and (28) gives

2
lg( 1,9’2)|2=Q<< > Z Iu(z)llu(”) )
na= 1 ny= 1
= 0765QNY). (30)
The proof of Theorem 1 is then completed. O

C. Comments on Theorem 1

Although the conditions C1-C3 are not easy to comprehend
at first glance, the intuitions behind them turn out to be quite
simple. C1 suggests that the channel between any two adjacent
IRSs should not be blocked; this makes sense because the two
IRSs reduce to a larger single IRS otherwise. C2 suggests that
the number of phase shift choices should be more than two;
Example 2 will show a worst-case scenario with K1 = Ko =2
in which the IRS gain is arbitrarily close to zero. C3 suggests
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that the longest reflected channels should be sufficiently strong;
this also makes sense because we wish to make sure that the
majority of the channels are good, i.e., there are N2 two-hop
channels, while there are only 2N one-hop channels and one
direct channel.

Furthermore, we compare the proposed conditions with the
existing conditions for the double-IRS system to achieve an
SNR boost of ©(N*). The conditions in [38] are

C’1) the matrix factorizing property in C1 holds for all the
two-hop reflected channels;

K1, K5 — 00, namely the continuous beamforming;
the direct channel h o and the one-hop reflected chan-
nels {hn, o, ho.n, } all equal zero.

It is easy to see that C’2 is a special case of C2 and that C’3
is a special case of C3. Thus, {C’1-C’3} C {C1-C3}.

Another set of conditions for the double-IRS system to reach
the ©(N*) SNR boost is proposed in [48] as

C”1) the matrix factorizing property in C1 holds for all the
two-hop reflected channels;

K, Ky — 0o, namely the continuous beamforming;
the direct channel hg o equals zero;

the so-called array response [48] of IRS 1 remains the
same for the IRS-IRS link and the IRS-receiver link;
the array response of IRS 2 remains the same for the
IRS-IRS link and the transmitter-IRS link; intuitively,
this condition holds if IRS 1 is very close to the trans-
mitter while IRS 2 is very close to the receiver.

It turns out that {C1-C3} and {C”1-C”3} are not contained
in each other. Nevertheless, the latter only works for the free-
space propagation channel model while the former does not
assume any particular channel model. Section V will show that
the proposed conditions {C1-C3} are much easier to satisfy.

As the final part of this section, we illustrate through some
concrete examples why the proposed conditions C1-C3 are
critical to the ©(N*) boost for a double-IRS system.

Example 1: (Why is condition C1 needed?). Assume that
K1 =Ks=4 and N is an odd number. For any n; and no,
assume that ho o = i, 0 = hony = 0, By iy = Be? (M1 T72)7 if
ny #ng, and hy,, ,, = BeIMF)T L 23 if ) = ny, where
B8 > 0 is a positive constant. This channel setting satisfies C2
and C3 but violates C1 since hy,, o ing.ny 7 Pnyng Ping n, fOr
ny # ne. It can be shown that the alternating CSM method
yields ¢, =0, =0 for every n; and ny in this case. As a
result, |£,,, | = O(1) and thus |g(0},, 0, )|? is O(N?) according
to the first line of (27), so the SNR boost is at most quadratic.

Instead, if we let h,, ,, = Be/(MF72)7 for any (ny,ng) in
thlS example, then Cl is satisfied with u(l) V/Bel™™ and
V/Bel™T. We have 0], =0 if ny is odd and 6], =

=0 if ng 'is odd and 0, = m otherwise.
Substituting the above (6,, , 67, ) in (17) gives a O(N*) boost.

Example 2: (Why is condition C2 needed?). Assume that
Ky =Ks=2 and N is an odd number. For any n; and no,
assume that ho o = ho n, =0, u( ) = \/Bed(m+3)7 and u%) =
\/Be“?’r, where >0 is a posmve constant. Moreover, let
hny 0= 2Bl for odd ny and let hy,, o = £+/Be ™77 for even
n1. Notice that the above setting satisfies all the conditions in

C2)
C’3)

an)
C”3)
C4)

unz
otherwise, and 0,
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Algorithm 2 Blind Beamforming for an L-IRS System
1: Initialize all the 6,,,’s to zero.

2: for(=1,...,L do

3 Generate T random samples {GW [ng=1,...,N}
4 fort=1,...,7T do

5: Measure the received signal power |Y(1)|2,

6: end for

7 forn,=1,...,N do

8 for k=1,..., K, do

9 Compute the conditional sample mean in (9).
10: end for

11: Decide each 0,,, for IRS ¢ according to (10).
12: end for

13: end for

Theorem 1 except C2. We have 6;, =0 for all ny, and 6;,, =
if ny is odd and 0, = 7 otherwise. The resulting SNR boost

is O(N?).
In contrast, if K; and K5 are raised to 4 in this example,
then we have 0, = —7 if n; is odd and 0;, = 7 otherwise,

0,,, =0 if ny is odd and 0,,, = m otherwise. Substituting the
above (0;,,,06,,,) in (17) gives a O(N*) boost.

Example 3: (Why is condition C3 needed?). Assume that
Ki;=Ks=4 and N is an odd number. For any n; and no,
assume that ho.o=hon, =0, hn,0=2B67, uﬁ,ﬁ) = /Bel™T
and u = /Bei™2™ where 3> 0 is a positive constant. Ob-
serve that |y 0] = 2] an 1 Py n, | under the above setting,
so C3 in Theorem 1 does not hold here (but C1 and C2 are
satisfied). In this case ¢, = —7 for every ni, and 0;,, = 7 if
ng is odd and 0;,, = — 7 otherwise. As a result, the SNR boost
is ©(IN?) in this case.

In contrast, if u%ll) = u%) /B for every pair (ni,ns) in
this example, then C3 can be satisfied by letting v = T when
N is sufficiently large. In this case, we have 6, = 0 for every
n1, and 0;L2 = 5 for every ma. As a result, the SNR boost of

O(N*) is achieved.

IV. GENERAL L-IRS CASE

The CSM method can be further extended to more than two
IRSs in a sequential fashion. The initial values of all the 6,,,’s
are set to zero. We optimize one IRS at a time while holding
the rest IRSs fixed. Algorithm 2 summarizes this sequential
CSM method.

Most importantly, the performance bound analysis in Theo-
rem 1 can be carried over to the general L > 2 IRSs, as stated
in the theorem below.

Theorem 2: If an L-IRS system satisfies the following three
conditions:

D1) there exist a set of nonzero values {u%) eClnell:
N], ¢ € [1: L]} such that each L-hop channel (which
is related to every IRS) can be decomposed as

— ()
nh N Hun/7

where none of {nq,...,

€2V}

nr} equals zero;

D2) theLnumber of phase shift choices satisfy K > 3 and
-1 1 1.
o1 & < 3
D3) there exists a constant v € [0, 7% (3
such that

- ®)

(’-’) |hn1 77777 nL|

(n1 ..... nrp)EA
TLis el s uh] | T e[Sy Jutt) [ cos(v + )]
(32)

< \u$n>| - sin 7y

for{e[l:L—1]and me [l

L
n)|ne=m, [ ne= 0} , (33)

=1
then Algorithm 2 yields an SNR boost of N2% as follows:

SNR HZLﬂ i 2L
E = === 0O(N™"),
[ SNRg ] |hol? )

so long as T =Q (N?(log(NL))* + N?Llog(NL)) and L =

o(N), where the expectation is taken over random samples of
phase shifts, and

: N], where

Al £ {(m

(34)

NZ|U |. Vee[l: L), (35)

ne=1

The following lemma plays a key role in proving the
above theorem.

Lemma 1: Let 0, be the decision of 6,,, by Algorithm 2,
and generalize the definition of é; , 1n (20) as

71 D SR Loy Y
(m17~~~7mL)€D(£)
> A | 0 R IED)
(m1,..., mL)G&(f;) i#l
where
D(Z) — {(ml mL)|m£ — m} (37)
and

57(:) = {(ml,...,

For any RE n,, we have

mr) mg:m,HmﬁéO}. (38)

i#0

v
105, =0 | <7+ — (39)

K,
given the constant 7y as defined in the condition D3.
Proof: See Appendix A. 0
Equipped with the inequality in (39), we are now ready to
prove Theorem 2. The effective channel from the transmitter to

Authorized licensed use limited to: The Chinese University of Hong Kong CUHK(Shenzhen). Downloaded on July 22,2024 at 03:39:09 UTC from IEEE Xplore. Restrictions apply.



38

the receiver is written as a function g : ®% + C of the beam-
forming decision (6,,,,...,0,,), i.e.,

0”L) = Z

(n1,...,n)€[0:N]E

9O, ..., ny € i 0n0 - (40)

.....

To establish an SNR boost of ©(N2), it suffices to show that
Ellg|?] = [I/_, 62 - ©(N?E). Again, the converse E[|g|?] =
[17_, 62 - O(N2F) is evident, so the rest of this section focuses
on the achievability E[|g|?] = [[r_, 62 - Q(N2L).

Let us first recall how 6, is decided in Algorithm 2. We
denote by D((Je) the set of channels not related to any RE of IRS
£. When optimizing 6,,,, all the channels in D((f) are treated as
direct channels, while the rest channels are treated as reflected
channels. Recall also that all those IRSs ¢ > ¢ have not yet been
configured when optimizing 6,,,, so we have 0,,, =0 for i €
[¢ 4+ 1: L]. The continuous solution of 6, is then given by

- £—1 pr
* 6
eng :4< § hm1,...,mLejZ7 T )
(ma, ,mL)ED(Z)

—/ < Z .,mLej i 9;%) ) 1)
(

mL)EDSfZ
As shown in Appendix B of [8], the probability that 6], #
argmingea,, |0 — 0}, | for RE ng is bounded above as

hms...

mi,..

SO

<0 (aN%f") +0 <qT) +0 (e—q/4) 7

where o € (0,1) is a constant related to the channel status and
q is a parameter to be specified later. Based on the union of
the events bound, the probability that there exists an RE ny in
any of the L IRSs such that 0;,, # arg minges,, |0 — 07, is
bounded above as

PP 4 at least one 6, in |6 — 0
{a east one n(#argerergn | ne}

Ky

L N
I {07, # axg puin 10021}

/=1
(NLozNz 2) +0 (q]\:fL> +0 (NLe*q/‘*) .

We can further show that the above error probability is
bounded by an o(1) term by letting ¢ = Q(log(NL)) and

T =Q (N?*(log(NL))> + N?Llog(NL)). Thus, so long as
T=Q(N%(log(NL))>+ N2Llog(NL)), Algorithm 2 would
round the above continuous solution to the discrete set ® g, :

0,, = arg 016%22 |0 -0, (42)
and hence

K
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We then bound the channel strength as follows:

1905+ 00, )
2
- S b S

(n1 ..... n1)E[0:N]L

S ot (( 5
7L1,

nr=0 s NL—1)
2
@ | & P
= ZCOS(H;LL _9:11,) Z ns,..np€ JZI v O
_nL:1 (n1,...,np—1)
_ 2
w | XN T ST
> | cos * Y home I
_anl (n1,...,np—1)
(44)

where step (a) follows by only considering the projection
of every ¢’z > y g n eI 25 Oy with ng #0
onto that with ny, = 0 and step (b) follows by the inequality in
(43) directly.

For a fixed ny, # 0, we can further bound the sum component
in (44) as follows:

)Y

(n1,...,np—1)€[0:N]L—1

(@) Z

(nls'~~7nL)€S$LlL)

L—-1

»

) T ™
(n1,.mp)EEST =1

B oo € 21 | — o(NE7Y)

JZL 101

hnl,..A,nL

| T

@) 3 H WIS
(nl,...,nL)egT(Li) /=1
©)
> ‘U%LM Z cos[ —17+Z ] H|uw
("1)'-~~,”L)€€T(,,IZ)

Lf
= [uf IN*~ cos [(L 1+ (45)
(=

L—1
[
i=1

where step (a) follows as the number of (nq,...,ny_1)’s with

at least one n; = 0 equals (N + 1)L=1 — NE-1 = o(NL-1),

step (b) follows by (36), and step (c) follows by (39).
Substituting the lower bound (45) in (44), we obtain

1g(0), ..., 00 )] (H@) Q(N?D).

Furthermore, combining the above result with the evident fact
that E[|g|?] = HgL=1 62 - O(N?L') leads us to the boost O(N2L).
The proof of Theorem 2 is thus completed. (|

(46)
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4. Perform CSM | IRS Controller |’< 1. Activate IRS ¢
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IRS 1 IRS ¢
(b) receiver-centered type
Fig. 3. Two different paradigms of blind beamforming.

We cannot provide a performance guarantee for the blind
beamforming method if the proposed conditions are not satis-
fied. However, we clarify that the proposed conditions are al-
ready much easier to satisfy than the existing ones. Besides, our
field tests in the next section show that the proposed blind beam-
forming method still yields excellent performance in the real
world even if the conditions are not satisfied. Most importantly,
the insights and intuitions behind our theoretical conditions can
guide the IRS deployment in practice, so it is worthwhile to
expand the existing conditions even if the new conditions still
cannot be strictly satisfied.

Theorem 2 implies that only one round of configuration (i.e.,
every IRS is optimized one time regardless of L) suffices to
attain an SNR boost of ©(N2L). This is of practical significance
when the IRSs are extensively deployed in the network. We
also clarify that the conditions D1-D3 are sufficient but not
necessary for the ©(N2£) SNR boost.

We further discuss how the sequential CSM algorithm can
be carried out in practice. There are four parties—transmitter,
receiver, IRSs, and an IRS controller in the protocol; there is a
feedback link from the receiver to the IRS controller; there is
a control link from IRS controller to each IRS. A codebook of
prescribed pseudo-random samples of phase shift arrays is gen-
erated beforehand. There are two possible paradigms of blind
beamforming as illustrated in Fig. 3, which are the controller-
centered type and the receiver-centered type.

For the controller-centered paradigm, the codebook is only
revealed to the IRS controller. Let us consider the /th iteration
of blind beamforming. First, the IRS controller activates IRS ¢

through the control link, and then sets its phase shift array to
the samples in the codebook sequentially. In the meanwhile, for
each sample, the receiver reports the received signal power to
the IRS controller through the feedback link. After completing
T samples, the IRS controller uses the power feedback from
the receiver so far to perform CSM. Finally, the IRS controller
configures IRS ¢ as the CSM output through the control link.

Alternatively, by the receiver-centered paradigm, the code-
book is revealed to the receiver in addition. The sampling
part follows the controller-centered case, but the receiver now
records its measured received signal power with respect to each
sample, instead of reporting it back to the IRS controller. After
T samples, the receiver performs CSM based on the codebook
and the received signal power data, and then reports the CSM
output to the IRS controller through the feedback link. Finally,
the IRS controller configures IRS ¢ according to the feedback
from the receiver.

Remark 3: (Same Phase-Shift Resolution). If the L IRSs have
the same phase-shift resolution, i.e., when all the K, values are
equal, then D2 in Theorem 2 reduces to every Ky > 2(L — 1).

Remark 4: (Overhead Cost). For the double-IRS case, our
theoretical lower bound on 7' with provable performance is
T =Q (N?(log N)?) as stated in Theorem 1; but the practical
choice of T' can be much smaller as shown in Fig. 11. By
contrast, since there are N2 unknown channels, it requires at
least N2 pilot symbols to solve the channel estimation equation
[10], [12]. (The work in [49] argues that 2V pilot symbols are
sufficient for channel estimation for some special cases.) We
will explicitly compare blind beamforming with the channel-
estimation-based methods [12], [49] in Section V-B.

Remark 5: (Computational Complexity). For each IRS, it
requires O(NT) to compute all the conditional sample mean
values, and it further requires O(NK) to decide phase shifts
for the current IRS based on the conditional sample mean. For
a total of L IRSs, the overall computational complexity of blind
beamforming equals O(LN (K + T)).

V. EXPERIMENTS
A. Field Tests

Throughout our field tests, the transmit power is fixed at
—5 dBm and the carrier frequency is 2.6 GHz. The following
three IRSs are used:

o IRS 1 with 294 REs and 2 phase shift choices {0, 7} for

each RE, i.e., N =294 and K| = 2;

e IRS 2 also with N =294 and K, = 2;

e IRS 3 with N =64 and K3 =4

Notice that the condition C2 or D2 is not satisfied in our
field test. Actually, the existing IRS prototypes mostly adopt
K =2 or K =4 because of the hardware cost and the system
robustness [16], [19], [50], [51]. Notice also that we do not
always assume that all the IRSs have the same values of N as
in the theoretical model in Section II. The following methods
are compared:

o Without IRS: IRS is not used.

o Zero Phase Shifts: Fix all phase shifts to be zero.
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Fig. 4. Field test with two IRSs deployed in an indoor hallway.
Receiver Transmitter
Fig. 5. Layout drawing of the indoor field test. The two IRSs are placed in

two corners for most methods, but are merged into a single larger IRS placed
in the middle for “Physical Single-IRS” as indicated by the dashed lines.

Fig. 6.

Outdoor field test with three IRSs deployed alongside an open café.

e Random Beamforming: Try out L x 1000 random samples
of phase shift vectors and choose the best.

o Virtual Single-IRS: Ignore the multi-hop channels and treat
multiple IRSs as a single one; optimize phase shifts by the
method in [8] with L x 1000 random samples.

e Physical Single-IRS: Put multiple IRSs together at the
same position to form a single larger IRS; optimize phase
shifts by the method in [8] with L x 1000 random samples.

e Proposed Blind Beamforming: Coordinate multiple IRSs
by Algorithm 2 that uses 1000 random samples per IRS.

The SNR boost is evaluated by taking “without IRS” as

baseline. We consider the following two transmission scenarios:

o Indoor Environment: Deploy IRS 1 and IRS 2 in a U-
shaped hallway inside an office building as shown in Fig. 4.
The testbed layout is specified in Fig. 5. The transmission
is blocked by the walls.

e Outdoor Environment: Deploy three IRSs alongside an
open café as shown in Fig. 6. The testbed layout is spec-
ified in Fig. 7. The transmission is occasionally blocked
by the crowd and also suffers interference which is
treated as noise.
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IRS 3

Fig. 7. Layout drawing of the outdoor field test. For Physical Single-IRS,
we move IRS 1 and IRS 2 to the positions indicated by the dashed lines.

TABLE 1T
SNR BOOSTS ACHIEVED BY THE DIFFERENT
METHODS

SNR Boost (dB)

Method Indoor  Outdoor
Zero Phase Shifts 2.74 291
Random Beamforming 5.33 8.48
Virtual Single-IRS 12.07 10.80
Physical Single-IRS 3.31 7.06
Blind Beamforming 17.08 14.09

Table II summarizes the SNR boost performance of the dif-
ferent methods. As shown in the row of Zero Phase Shifts,
placing IRSs in the environment (either indoor or outdoor) can
already increase SNR by more than 2 dB even without any
optimization. Then a simple heuristic optimization method such
as Random Beamforming can reap a higher SNR gain. Observe
also that Virtual Single-IRS outperforms the above methods
significantly, e.g., it improves upon Random Beamforming by
around 7 dB for the indoor case.

In contrast, the proposed Blind Beamforming enhances SNR
further even though C2 or D2 is not satisfied, e.g., its SNR boost
is about 5 dB higher than that of Virtual Single-IRS for the
indoor case, and about 3 dB higher for the outdoor case. This
further gain is due to the capability of Blind Beamforming to
take those multi-hop reflections into account. For this reason,
the advantage of Blind Beamforming over Virtual Single-IRS
is greater for the indoor case in which the multi-hop reflections
play a key role. Another interesting fact from Table II is that
Physical Single-IRS is much worse than the other methods
especially in the indoor environment. Although its phase shifts
have been carefully optimized by the method in [8], its perfor-
mance is still limited by the deficiency of multi-hop reflections.

B. Simulation Tests

We now validate the performance of the proposed blind
beamforming algorithm in simulations which can admit many
more REs at each IRS and many more IRSs. The channels are
generated as follows. We refer to the transmitter as node 0, a
total of L IRSs as nodes 1 through L, and the receiver as node
L + 1. We denote by d;; (in meters) the distance between node
¢ and node j. The pathloss model follows previous works [1],
[8], [52]. If there is LoS propagation between node ¢ and node
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7 then the corresponding pathloss is computed as

Psz — 107(304»22 1Og10(dij))/20. (47)

Otherwise, i.e., when the channel between node ¢ and node j
is non-line-of-sight (NLoS), the pathloss is computed as

PL;; = 10~ (32:6+36.710g; 0 (di;))/20 (48)
Following [40], [53], we assume that REs are arranged as a
uniform linear array with spacing £ = 0.03 meters at each IRS.
We let the signal wavelength be A =0.06 meters. Moreover,
denote by ¥; ; the angle of departure (AoD) from node 7 to node
J, and 1); ; the angle of arrival (AoA) from node j to node 1.
For the LoS case, the channel from the transmitter to RE ny is
given by

Gom, = /PLog - e I3 ot . eI K emet)contio
the channel from RE ny to the receiver is given by

_j2mg —j2 -1 9
Gng i1 = /PL&L_H ceT IR de Ly | =T &(ng—1) cos oLt
(50)

(49)

and the channel from RE n, to RE ny, £ # ¢/, is given by

_g2n _g2n —
Ineng =/ PLZ,Z’ ceTIA e e’ E(ne=1) cos by o

eIy =) cos (51

For the NLoS case, we generate channels as
9o,ne = /PLo ¢ - Cones (52)
Ine,b+1=/PLe 1 Contts (53)
g’l’L;{,’I’LZI = \/ PLZ,Z’ : C’I’L(,’I’Lw? (54)

where Co,n,,Ce,L415 Cng,n,, are drawn ii.d. from the complex
Gaussian distribution CA(0, 1). For both LoS and NLoS cases,
each multi-hop channel A, ..., can be obtained by multiply-
ing together a subset of channels in {go,n,, 9n,,L4+15 Gngny -
Moreover, the transmit power equals 30 dBm, the background
noise power equals —98 dBm, and all the K,’s are fixed to be
4 throughout the simulation tests, i.e., ®x, = {0, 3,7, 37 } for
all /e [1:L].

1) Double-IRS System: We begin with a double-IRS system
as shown in Fig. 8. Assume that the two IRSs have 100 REs each
and that "= 1000 random samples are taken for each IRS. As-
sume that ¥y, n, = Vn,. 141 = V0,0, = ¥nq,n, =5.6°. Fig. 9
compares the performance of our blind beamforming scheme
with the channel-estimation-based methods in [12], [49]. Two
different channel scenarios are considered here: Fig. 9(a) as-
sumes that only the two-hop reflected channels are LoS while
the rest channels are NLoS; Fig. 9(b) assumes that most chan-
nels are LoS except the direct channel. It can be seen that the
proposed blind beamforming method outperforms the channel-
estimation-based methods in the first scenario; however, when
more channels become LoS as in the second scenario, the
channel-estimation-based methods perform better. The reason
is that if most channels are NLoS then they are too weak to be
estimated accurately.

Also, these state-of-the-art channel estimation methods re-
quire setting each phase shift according to the DFT matrix, but

o)

0,0,0) y
0,-5,0) 0,55,0
oo

(1,0,0) (1,50,0)

X

Fig. 8. The double-IRS system considered in our simulations. The position
coordinates are in meters.
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Fig. 9. Blind beamforming versus channel-estimation-based methods for a
double-IRS system.

this can violate the discrete phase shift constraint, e.g., they
do not work for the case where each phase shift is either 0
or 7. Besides, it is difficult to extend these channel estimation
methods to account for more than two IRSs.

Moreover, if T" falls below the above bound, our blind beam-
forming method still works only that its performance cannot be
guaranteed by our current theory anymore. However, if there
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are fewer than N? pilot symbols, then the linear system for 1
channel estimation cannot be solved, so the channel estimation 0.9}
cannot be performed at all (unless under some certain sparsity 08l
assumptions). In our field tests, letting 7' = 1000 L can already '
yield good performance for blind beamforming with N = 294, 0.7}
so the corresponding overhead is 1000 x 2 x 2 =4000 sym- 0.6+
bols, while the estimation methods in [10], [12] require at least 050
294 x 294 =~ 860000 symbols. 04l
Last, from a practical implementation point of view, the chan- ’
0.3 F
0.2+

nel estimation methods require reading the received symbol
Y € C from the communication chip of the receiver device. By
contrast, blind beamforming only requires the received signal

—o—Proposed Algorithm 1
—a— Position-based Method 1 [38]] |

Cumulative Distribution Function

power information, which needs a lower level of authority and 01 —&— Position-based Method 2 [48]
henge is much easier to implement. ' ' 0 0 1‘0 2‘0 3‘0 4‘0 5‘0 60

Flg 10 compares the blind beamforrmng method W.lth the SNR Boost (dB)
position-based methods [38], [48]. Again two scenarios are (a) when only the two-hop reflected channels are LoS
considered: Fig. 10(a) assumes that only the two-hop reflected
channels are LoS while Fig. 10(b) assumes that only the direct o 1 =
channel is NLoS. In the first scenario, we see that blind beam- .g 0.9
forming is close to the position-based method in [38], but it =
is much worse than the method in [48]. Nevertheless, when it Lu: 0.8
comes to the second scenario, blind beamforming outperforms g 0.7¢
the benchmark methods significantly. It is worth pointing out § 0.6 -
that these position-based methods [38], [48] heavily rely on the —’é 05
free-space line-of-sight propagation channel model, while our o
condition does not assume any particular channel model. A 04r

Moreover, Fig. 11 compares the growth curves of the SNR .GE 0.3
boost with the IRS size N under the different values of 7. E 0.2 o Proposed Algorithm
Observe that the growth curve is approximately quartic when 5 01l —&— Position-based Method 1 [38]
T = ©(N?(log N')?); this result agrees with Theorem 1. Ob- 5 '0 : %Position—bz‘ised Method 2 [‘48]
serve also that the SNR boost still grows rapidly with IV even 220 0 20 40 60
if T falls below the lower bound in Theorem 1, e.g., when SNR Boost (dB)

T = O(N?).

2) General L-IRS System: We now add more IRSs to the
system. Consider a 100 x 100 m?* 2D square area as shown in Fig. 10. Blind beamforming versus position-based methods for a double-
Fig. 12. The transmitter is located at (5,5) and the receiver RS system.
is located at (95,95). There are 8 possible positions to de-
ploy IRSs: (19.5,77.3), (25.8,15.8), (29.9,11.5), (34.1,60.7),
(43.8,15.0), (61.5,84.1), (71.8,35.5) and (73.6,76.2), all in
meters. Thus, including the transmitter and receiver, there are

(b) when only the direct channel is NLoS

a total of 10 nodes in our case. Following [40], the propagation 3 x10° ‘
status between any nodes are randomly set to LoS with 60% —©-T =1000 :
probability and to NLoS with 40% probability. The realization o5 i; _ 8&2)
of the propagation statuses in our case can be expressed in an T = O(N*(log N)?)
adjacency matrix as ol
0 0 100010 0 0] o150
001 01 10O0O01 &
1101010100 1r
0010111001
A— 0101011101 0.5
011110110 1| A
100 1 1 10110 H—_ H = ©
O 01 o1 1 1 01O 100 200 300 400 500 600
000 O0O0UO0OT1T1TU0 1 Number of REs N
_0 Lo 111001 O_ Fig. 11.  SNR boost versus number of REs under the different 7" settings.
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Fig. 12.  The IRS routing when L = 8 and N = 600.
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Fig. 13.  The IRS routing when L =8 and N = 1200.

where the entry A;; equals 1 if the channel between node 4 and
node j is LoS, and 0 otherwise.

As suggested in [40], only a subset of the possible positions
are selected for the IRS placement, namely the IRS routing.
For instance, Fig. 12 shows the IRS placement when N = 600,
and Fig. 13 shows the IRS placement when N = 1200, both
based on the graph-theoretical algorithm in [40]. Observe that
more IRSs are used for routing when the number of REs per
IRS N is increased. The rationale is that we have a tradeoff
when deciding how many IRSs to use. Clearly, using more IRSs
gives more multi-hop reflected paths; in order to reap the multi-
path gain, we need to orient the reflection beam of each IRS
toward the subsequent IRS, but this requires high-resolution
beamforming and thus /N should be sufficiently large. On the
other hand, using too many IRSs would increase the reflection
loss. Due to the above two factors, the number of IRSs should
be neither too large nor too small. Now, if N becomes larger,
then the first factor outweighs, so it encourages using more
IRSs. Actually, this tradeoff has already been pointed out in
the previous work [40].

60

55

50
2
T 45r
E
A
o 40F
z
w0

35

—6— Proposed Algorithm
30 —&—CPP
Mei-Zhang Method [40]
o5 . | |
400 600 800 1000 1200
Number of Reflective Elements N
Fig. 14.  SNR boost versus number of REs for the different algorithms.

For the comparison purpose, we consider the following two
beamforming methods as benchmarks:

o CPP with Perfect CSI: Assume that the precise channel
information is already known. Then perform CPP across
the IRSs sequentially.

o Mei-Zhang Method with Perfect CSI [40]: First perform
the continuous beamforming algorithm in [40] and then
round the solution to the discrete set {0, 5, m, 3* }. This
method assumes that perfect CSI is available.

Notice that the above two competitor methods both require
perfect CSI. However, to the best of our knowledge, there is yet
no effective way of estimating channels for more than 2 IRSs
in the existing literature.

Fig. 14 compares the proposed Algorithm 2 with the bench-
marks under the different settings of /N. For Algorithm 2, we
let T'=20 x N. It can be seen that the proposed algorithm is
fairly close to CPP. Actually, the proposed algorithm would
approach CPP when 7" — oo; the former can be thought of as
a practical implementation of the latter. Mei-Zhang method is
about 2 dB higher than the proposed algorithm when N = 400.
But when N is raised to 600, the proposed algorithm starts
to overtake, and their gap becomes larger when N is further
increased. Again, not requiring CSI is a distinct advantage of
the proposed algorithm as compared to these benchmarks.

Finally, we evaluate how likely the proposed conditions C1-
C3 and D1-D3 are satisfied when the IRSs are randomly placed
and the channels are randomly generated. We also consider
the existing conditions C’1-C’3 in [38] and C”1-C”4 in [48]
(but they only account for the double-IRS case). As shown in
Fig. 12, the transmitter and the receiver are located at (5, 5) and
(95,95), respectively. The coordinate vector (x¢,y;) of each
IRS ¢ is uniformly distributed in [5 + 22¢=1) 5 4 901 5 [5 4
%, 5+ 9706}. Following the indoor field test in Fig. 5, we
assume that the IRSs are well placed so that the channels be-
tween two adjacent IRSs as well as the transmitter-to-the-first-
IRS channel and the last-IRS-to-receiver channel are all LoS.
For the rest channels, assume that each is LoS with probability
7. Following [38], [48], we assume that the channel equals zero
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Fig. 15. Probability of the conditions for achieving an SNR boost of

O(N2L) to be satisfied, where n is the probability of each channel
being LoS.

whenever it is NLoS. Let N = 100 and let each K, =2L. In
particular, we claim that condition C”4 in [48] is satisfied if the
approximation gap is less than 10% of the norm of the original
array response.

Fig. 15 shows how likely the conditions C1-C3, D1-D3,
C’1-C’3 and C”’1-C"4 are satisfied over 200 tests when the
IRSs are randomly placed in the network and the channels are
randomly generated; different values of the parameter 7 are
considered here. This figure shows that our conditions C1-C3
are much more likely to be satisfied than the existing conditions
in the literature. The conditions D1-D3 are less likely to be
satisfied since they account for more than 2 IRSs in this case.
In general, it is increasingly difficult to satisfy the conditions
DI1-D3 as more and more IRSs are deployed. In particular,
observe that the conditions C”1-C”4 in [48] are extremely
difficult to meet; the probability of satisfying C’1-C”4 is almost
zero in our case. The reason is that C’1-C”4 can be roughly
interpreted as requiring IRS 1 (resp. IRS 2) to be very close
to the transmitter (resp. receiver) but such conditions are rarely
met in our random network. Also, the conditions C’1-C’3 are
less likely to be satisfied than C1-C3 because they require many
channels to be zero.

VI. CONCLUSION

This work proposes a statistical approach to the multi-IRS
beamforming problem in the absence of channel information.
For a general L-IRS-assisted wireless transmission, we show
that the proposed blind beamforming algorithm guarantees an
SNR boost of ©(N2E)—which is the highest possible SNR
boost obtained from L IRSs, under some certain conditions.
This blind beamforming strategy has two major advantages
over the existing methods. First, it does not entail any channel
estimation and yet can yield provable performance. Second, its
optimality condition is far less strict than the existing one in
[40], e.g., those short reflected channels need not be zero for
blind beamforming to reach the ©(N?L) boost. Remarkably, as
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shown in the real-world experiments at 2.6 GHz, blind beam-
forming for multiple IRSs increases SNR by over 17 dB in the
hallway of an office building, and by over 14 dB near an open
café. Moreover, simulations show that much higher gain can be
reaped by blind beamforming when the IRSs become larger in
size or when more IRSs are deployed.

APPENDIX A: PROOF OF LEMMA 1
We establish Lemma 1 by induction. When ¢ = 1, we have
‘ E(nl,
\Zml,u.,messg -

| Z(m, 7”L)€A(1) h”l»--ﬁw‘
HZ 2 ‘ Zn@_
Z(nh nr)eAL ‘hnl, 7”L‘

Hz 2|Zn5 1un| |“ ‘
< sinv, (55)

eA(l) hnl, ,nL’

2 )|

where the last inequality follows by the condition D3 stated
in Theorem 2. Now, with a and b in Fig. 2 redefined as
Z(nl’ nL)E A(l) hm7 S and Z(n

o
spectlvely, we have

z Z h/nlw"'an + Z hnl; SN L
(nl,...,nL)G.A%ll) (77,17 nL)GSflll)
~Z S by || < (56)
(nlvwanL)e‘SSB
which can be recognized as
|0n1 n1 | < - (57)
Combining the above inequality with (43) yields
A ™
165, — O, 1 <7+ K (38)

Thus, Lemma 1 is verified for ¢ = 1.
Assuming that Lemma 1 holds for all £ < 4, we now proceed
to the case of ¢ = 1. It can be shown that

. 1 g/
e’ Z; 1 9né

| Z namoyeaty) P s

- 1
e’ le 1 9%5

- 1 g/
e] E: 1 gnb
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[ ey Moz e Tt ]
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N
1T [Znszl Juss)
s<1

cos(y + KL)]

(c)

< sin~, 59)

where step (a) follows by the condition D1 in Theorem 2, step
(b) follows since (39) is assumed to hold for all £ < 4, and step
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(¢) follows by the condition D3 in Theorem 2. Repeating the
former steps (56)—(58), we arrive at

. (60)

The proof is then completed.

(1]

(2]

(3]

[4]

[3]

(6]

(7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Authorized licensed use limited to: The Chinese University of Hong Kong CUHK(Shenzhen). Downloaded on July 22,2024 at 03:39:09 UTC from IEEE Xplore. Restrictions apply.

REFERENCES

Q. Wu and R. Zhang, “Intelligent reflecting surface enhanced wireless
network via joint active and passive beamforming,” IEEE Trans. Wireless
Commun., vol. 18, no. 11, pp. 5394-5409, Nov. 2019.

E. Bjornson, H. Wymeersch, B. Matthiesen, P. Popovski, L. Sanguinetti,
and E. de Carvalho, “Reconfigurable intelligent surfaces: A signal
processing perspective with wireless applications,” IEEE Signal Process.
Mag., vol. 39, no. 2, pp. 135-158, Mar. 2022.

Y. Xu, G. Gui, H. Gacanin, and F. Adachi, “A survey on resource
allocation for 5G heterogeneous networks: Current research, future
trends, and challenges,” IEEE Commun. Surveys Tuts., vol. 23, no. 2,
pp. 668-695, Second Quart. 2021.

J. Yao et al., “Blind beamforming for multiple intelligent reflect-
ing surfaces,” in Proc. IEEE Int. Commun. Conf. (ICC), May 2023,
pp. 871-876.

Z. Zhang, Y. Cui, F. Yang, and L. Ding, “Analysis and optimization
of outage probability in multi-intelligent reflecting surface-assisted sys-
tems,” Sep. 2019. [Online]. Available: https://arxiv.org/abs/1909.02193
W. Mei, B. Zheng, C. You, and R. Zhang, “Intelligent reflecting surface-
aided wireless networks: From single-reflection to multireflection de-
sign and optimization,” Proc. IEEE, vol. 110, no. 9, pp. 1380-1400,
Sep. 2022.

V. Arun and H. Balakrishnan, “RFocus: beamforming using thousands
of passive antennas,” in Proc. USENIX Symp. Netw. Syst. Des. Imple-
mentation (NSDI), Feb. 2020, pp. 1047-1061.

S. Ren, K. Shen, Y. Zhang, X. Li, X. Chen, and Z.-Q. Luo, “Configuring
intelligent reflecting surface with performance guarantees: Blind beam-
forming,” IEEE Trans. Wireless Commun., vol. 22, no. 5, pp. 3355-3370,
May 2023.

V. K. Gorty, “Channel estimation for double IRS assisted broadband
single-user SISO communication,” in Proc. IEEE Int. Conf. Signal
Process. Commun. (SPCOM), Jul. 2022, pp. 1-5.

B. Zheng, C. You, and R. Zhang, “Efficient channel estimation for
double-IRS aided multi-user MIMO system,” IEEE Trans. Commun.,
vol. 69, no. 6, pp. 3818-3832, Jun. 2021.

S. Bazzi and W. Xu, “IRS parameter optimization for channel estima-
tion MSE minimization in double-IRS aided systems,” IEEE Wireless
Commun. Lett., vol. 11, no. 10, pp. 2170-2174, Oct. 2022.

C. You, B. Zheng, and R. Zhang, “Wireless communication via double
IRS: Channel estimation and passive beamforming designs,” IEEE
Wireless Commun. Lett., vol. 10, no. 2, pp. 431-435, Feb. 2021.

K. Keykhosravi and H. Wymeersch, “Multi-RIS discrete-phase encoding
for interpath-interference-free channel estimation,” Apr. 2021. [Online].
Available: https://arxiv.org/abs/2106.07065

Z.Zhang, T. Ji, H. Shi, C. Li, Y. Huang, and L. Yang, “A self-supervised
learning-based channel estimation for IRS-aided communication without
ground truth,” IEEE Trans. Wireless Commun., vol. 22, no. 8, pp. 5446—
5460, Aug. 2023.

M.-M. Zhao, A. Liu, Y. Wan, and R. Zhang, “Two-timescale beam-
forming optimization for intelligent reflecting surface aided multiuser
communication with QoS constraints,” IEEE Trans. Wireless Commun.,
vol. 20, no. 9, pp. 6179-6194, Sep. 2021.

X. Pei et al., “RIS-aided wireless communications: Prototyping, adaptive
beamforming, and indoor/outdoor field trials,” IEEE Trans. Commun.,
vol. 69, no. 12, pp. 8627-8640, Dec. 2021.

N. M. Tran et al., “Demo: Demonstration of reconfigurable metasurface
for wireless communications,” in Proc. IEEE Wireless Commun. Netw.
Conf. Workshops (WCNC Workshops), Apr. 2020, pp. 1-2.

D. Kitayama, Y. Hama, K. Miyachi, and Y. Kishiyama, ‘“Research
of transparent RIS technology toward 5G evolution and 6G,” NTT
DOCOMO Tech. J., vol. 19, pp. 26-34, Nov. 2021.

P. Staat et al., “IRShield: A countermeasure against adversarial physical-
layer wireless sensing,” in Proc. IEEE Symp. Secur. Privacy (SP), 2022,
pp. 1705-1721.

K. Chen, N. Zhang, G. Ding, J. Zhao, T. Jiang, and Y. Feng, “Active
anisotropic coding metasurface with independent real-time reconfigura-
bility for dual polarized waves,” Adv. Mater. Technol., vol. 5, no. 2,
Feb. 2020, Art. no. 1900930.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

H. Lu, Y. Zeng, S. Jin, and R. Zhang, “Single-carrier delay alignment
modulation for multi-IRS aided communication,” Oct. 2022. [Online].
Available: https://arxiv.org/abs/2210.10241

Q. Sun, P. Qian, W. Duan, J. Zhang, J. Wang, and K.-K. Wong,
“Ergodic rate analysis and IRS configuration for multi-IRS dual-hop DF
relaying systems,” IEEE Commun. Lett., vol. 25, no. 10, pp. 3224-3228,
Oct. 2021.

H. Song, H. Wen, J. Tang, P.-H. Ho, and R. Zhao, “Secrecy energy
efficiency maximization for distributed intelligent-reflecting-surfaces-
assisted MISO secure communications,” IEEE Internet Things J., vol. 10,
no. 5, pp. 4462-4474, Mar. 2023.

F. Yang, J.-B. Wang, H. Zhang, M. Lin, and J. Cheng, “Multi-IRS-
assisted mmWave MIMO communication using twin-timescale channel
state information,” IEEE Trans. Commun., vol. 70, no. 9, pp. 6370-6384,
Sep. 2022.

Z. Xie, W. Yi, X. Wu, Y. Liu, and A. Nallanathan, “Downlink multi-
RIS aided transmission in backhaul limited networks,” IEEE Wireless
Commun. Lett., vol. 11, no. 7, pp. 1458-1462, Jul. 2022.

Q. Cao et al., “Outage performance analysis of HARQ-aided multi-
RIS systems,” in Proc. IEEE Wireless Commun. Netw. Conf. (WCNC),
Mar. 2021, pp. 1-6.

F. Karim, B. Hazarika, S. K. Singh, and K. Singh, “A performance
analysis for multi-RIS-assisted full duplex wireless communication
system,” in Proc. IEEE Int. Conf. Acoust., Speech, Signal Process.
(ICASSP), May 2022, pp. 5313-5317.

Z.Li, M. Hua, Q. Wang, and Q. Song, “Weighted sum-rate maximization
for multi-IRS aided cooperative transmission,” IEEE Wireless Commun.
Lett., vol. 9, no. 10, pp. 1620-1624, Oct. 2020.

B. Ning, P. Wang, L. Li, Z. Chen, and J. Fang, “Multi-IRS-aided multi-
user MIMO in mmWave/THz communications: A space-orthogonal
scheme,” IEEE Trans. Commun., vol. 70, no. 12, pp. 8138-8152,
Dec. 2022.

R. Wei, Q. Xue, S. Ma, Y. Xu, L. Yan, and X. Fang, “Joint optimiza-
tion of active and passive beamforming in multi-IRS aided mmWave
communications,” in Proc. IEEE Global Commun. Conf. Workshops
(GLOBECOM Workshops), Dec. 2022, pp. 136-141.

P-Q. Huang, Y. Zhou, K. Wang, and B.-C. Wang, ‘“Placement op-
timization for multi-IRS-aided wireless communications: An adaptive
differential evolution algorithm,” IEEE Wireless Commun. Lett., vol. 11,
no. 5, pp. 942-946, May 2022.

Z. Esmaeilbeig, K. V. Mishra, A. Eamaz, and M. Soltanalian, “Cramér-
Rao lower bound optimization for hidden moving target sensing via
multi-IRS-aided radar,” IEEE Signal Process. Lett., vol. 29, pp. 2422—
2426, 2022.

T. Wei, L. Wu, K. V. Mishra, and M. R. B. Shankar, “Multiple IRS-
assisted wideband dual-function radar-communication,” in Proc. 2nd
IEEE Int. Symp. Joint Commun. Sens. (JC&S), Mar. 2022, pp. 1-5.

T. Wei, L. Wu, K. V. Mishra, and M. R. B. Shankar, “Multi-IRS-
aided doppler-tolerant wideband DFRC system,” Jul. 2022. [Online].
Available: https://arxiv.org/abs/2207.02157

Y. Li, H. Zhang, K. Long, and A. Nallanathan, “Exploring sum rate
maximization in UAV-based multi-IRS networks: IRS association, UAV
altitude, and phase shift design,” IEEE Trans. Commun., vol. 70, no. 11,
pp. 7764-7774, Nov. 2022.

M. Asim, M. ELAffendi, and A. A. A. El-Latif, “Multi-IRS and multi-
UAV-assisted MEC system for 5G/6G networks: Efficient joint trajectory
optimization and passive beamforming framework,” IEEE Trans. Intell.
Transp. Syst., vol. 24, no. 4, pp. 4553-4564, Apr. 2023.

W. Ni, Y. Liu, Z. Yang, H. Tian, and X. Shen, “Federated learning
in multi-RIS-aided systems,” IEEE Internet Things J., vol. 9, no. 12,
pp. 9608-9624, Jun. 2022.

Y. Han, S. Zhang, L. Duan, and R. Zhang, “Cooperative double-IRS
aided communication: Beamforming design and power scaling,” IEEE
Wireless Commun. Lett., vol. 9, no. 8, pp. 1206-1210, Aug. 2020.

C. Huang et al., “Multi-hop RIS-empowered TeraHertz communications:
A DRL-based hybrid beamforming design,” IEEE J. Sel. Areas Com-
mun., vol. 39, no. 6, pp. 1663—-1677, Jun. 2021.

W. Mei and R. Zhang, “Cooperative beam routing for multi-IRS aided
communication,” IEEE Wireless Commun. Lett., vol. 10, no. 2, pp. 426—
430, Feb. 2021.

C.-W. Chen, W.-C. Tsai, S.-S. Wong, C.-F. Teng, and A.-Y. Wu,
“WMMSE-based alternating optimization for low-complexity multi-IRS
MIMO communication,” IEEE Trans. Veh. Technol., vol. 71, no. 10,
pp. 11234-11239, Oct. 2022.

H. Jiang, Z. Zhang, B. Xiong, J. Dang, L. Wu, and J. Zhou, “A 3D
stochastic channel model for 6G wireless double-IRS cooperatively


https://arxiv.org/abs/1909.02193
https://arxiv.org/abs/2106.07065
https://arxiv.org/abs/2210.10241
https://arxiv.org/abs/2207.02157

46

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Authorized licensed use limited to: The Chinese University of Hong Kong CUHK(Shenzhen). Downloaded on July 22,2024 at 03:39:09 UTC from IEEE Xplore. Restrictions apply.

assisted MIMO communications,” in Proc. IEEE Int. Conf. Wireless
Commun. Signal Process. (WCSP), Oct. 2021, pp. 1-5.

Y. Cao, L. Duan, M. Jin, and N. Zhao, “Cooperative double-IRS
aided proactive eavesdropping,” IEEE Trans. Commun., vol. 70, no. 9,
pp. 6228-6240, Sep. 2022.

B. Zheng, C. You, and R. Zhang, “Double-IRS assisted multi-user
MIMO: Cooperative passive beamforming design,” IEEE Trans. Wireless
Commun., vol. 20, no. 7, pp. 45134526, Jul. 2021.

X. Chen, H. Xu, G. Zhang, A. Zhou, L. Zhao, and Z. Wang, “Coopera-
tive beamforming design for double-IRS-assisted MISO communication
system,” Physical Commun., vol. 55, Dec. 2022, Art. no. 101826.

T. V. Nguyen, D. N. Nguyen, M. Di Renzo, and R. Zhang, “Leveraging
secondary reflections and mitigating interference in multi-IRS/RIS aided
wireless networks,” IEEE Trans. Wireless Commun., vol. 22, no. 1,
pp. 502-517, Jan. 2023.

J. Kim, S. Hosseinalipour, T. Kim, D. J. Love, and C. G. Brinton, “Multi-
IRS-assisted multi-cell uplink MIMO communications under imperfect
CSI: A deep reinforcement learning approach,” in Proc. IEEE Int. Conf.
Commun. Workshops (ICC Workshops), Jun. 2021, pp. 1-7.

Y. Han, S. Zhang, L. Duan, and R. Zhang, “Double-IRS aided MIMO
communication under LoS channels: Capacity maximization and scal-
ing,” IEEE Trans. Commun., vol. 70, no. 4, pp. 2820-2837, Apr. 2022.
K. B. d. A. Benicio, B. Sokal, and A. L. F. de Almeida, “Channel
estimation and performance evaluation of multi-IRS aided MIMO com-
munication system,” in Proc. Workshop Commun. Netw. Power Syst.
(WCNPS), 2021, pp. 1-6.

L. Dai et al., “Reconfigurable intelligent surface-based wireless commu-
nications: Antenna design, prototyping, and experimental results,” JEEE
Access, vol. 8, pp. 45 913-45 923, 2020.

G. C. Trichopoulos et al., “Design and evaluation of reconfigurable
intelligent surfaces in real-world environment,” /EEE Open J. Commun.
Soc., vol. 3, pp. 462-474, 2022.

T. Jiang, H. V. Cheng, and W. Yu, “Learning to reflect and to beamform
for intelligent reflecting surface with implicit channel estimation,” /EEE
J. Sel. Areas Commun., vol. 39, no. 7, pp. 1931-1945, Jul. 2021.

W. Mei and R. Zhang, “Multi-beam multi-hop routing for intelligent re-
flecting surfaces aided massive MIMO,” IEEE Trans. Wireless Commun.,
vol. 21, no. 3, pp. 1897-1912, Mar. 2022.

Fan Xu (Member, IEEE) received the B.S. degree
in physics and the Ph.D. degree in information
and communication engineering from Shanghai Jiao
Tong University, Shanghai, China, in 2016 and
2022, respectively. He received Huawei Scholarship
in 2018 and was the Outstanding Graduate with
Shanghai Jiao Tong University in 2022. Since 2022,
he joined Peng Cheng Laboratory, Shenzhen, China,
as a Postdoctor. His research interests include coded
caching, distributed computing, intelligent reflecting
surface, signal processing, and optimization of 5G

Jiawei Yao (Graduate Student Member, IEEE) re-
ceived the B.E. degree in telecommunication engi-
neering from Zhengzhou University, in 2021. He is
currently working toward the M.Phil. degree with
the School of Science and Engineering, The Chinese
University of Hong Kong, Shenzhen. His research
interests include intelligent reflecting surface and
integrated sensing and communication.

Wenhai Lai (Graduate Student Member, IEEE)
received the B.E. degree in information engineering
from Beijing University of Posts and Telecommu-
nications, in 2021. He is currently working to-
ward the Ph.D. degree with the School of Science
and Engineering, The Chinese University of Hong
Kong, Shenzhen, China. His research interests in-
clude intelligent reflecting surface and reinforce-
ment learning.

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 72, 2023

Kaiming Shen (Member, IEEE) received the B.E.
degree in information security and the B.Sc. degree
in mathematics from Shanghai Jiao Tong University,
China, in 2011, and the M.A.Sc. degree in electrical
and computer engineering from the University of
Toronto, Canada, in 2013. After working at a tech
startup in Ottawa for one year, he returned to the
University of Toronto and received the Ph.D. degree
in electrical and computer engineering, in early
2020. Since 2020, he has been with the School of
Science and Engineering at The Chinese University
of Hong Kong, Shenzhen, China, as a Tenure-Track Assistant Professor. His
research interests include optimization, wireless communications, information
theory, and machine learning. He received the IEEE Signal Processing
Society Young Author Best Paper Award in 2021 for his work on fractional
programming for communication systems. He serves as an Editor of IEEE
TRANSACTIONS ON WIRELESS COMMUNICATIONS.

)~

Xin Li received the graduate degree from Xidian
University and joined Huawei in 2008. He has
rich experience in wireless channel modeling and
wireless network performance modeling and opti-
mization. Currently, he is a Technical Expert with
Huawei’s experience laboratory, focusing on future-
oriented network technology research, including
new technologies such as intelligent reflection sur-
face and intelligent transmission surface, and their
application in network structure optimization.

Xin Chen received the graduate degree from the
Radio Engineering Department of Southeast Uni-
versity and joined Huawei in 2000. He has 20 years
of R&D experience in the wireless communications
field. He has served as a Senior Algorithm Engineer,
Solution Architect, and Technology Development
Director successively. He has rich experience and
achievements in network planning, optimization,
and operation and maintenance of mobile commu-
nication networks. Currently, he is the Director with
the Algorithm Department of the Service and Soft-
ware R&D domain of Huawei Carrier BG. He is responsible for the research
of key technologies for digitalization and intelligence in the telecom field,
including intelligent network optimization, autonomous network architecture
and O&M, analysis algorithms of telecom big data, and next-generation
computing architecture in the telecom field.

Zhi-Quan Luo (Fellow, IEEE) received the B.S.
degree in mathematics from Peking University,
China, in 1984, and the Ph.D. degree in operations
research from MIT, in 1989. He is the Vice Presi-
dent (Academic) of The Chinese University of Hong
Kong, Shenzhen, where he has been a Professor
since 2014. He is concurrently the Director of
the Shenzhen Research Institute of Big Data. His
research interests lie in the area of optimization, big
data, signal processing, and digital communication,
ranging from theory, algorithms to design and im-
plementation. He served as the Chair of the IEEE Signal Processing Society
Technical Committee on Signal Processing for Communications (SPCOM)
and the Editor in Chief for IEEE TRANSACTIONS ON SIGNAL PROCESSING
(2012-2014), and was an Associate Editor for many internationally recognized
journals. He is a fellow of the Institute of Electrical and Electronics Engineers
(IEEE) and the Society for Industrial and Applied Mathematics (SIAM). He
received the 2010 Farkas Prize from the INFORMS Optimization Society,
and the 2018 Paul Y. Tseng Memorial Lectureship from the Mathematical
Optimization Society. He also received three Best Paper Awards in 2004,
2009, and 2011, the Best Magazine Paper Award in 2015, all from the IEEE
Signal Processing Society, and the 2011 Best Paper Award from the EURASIP.
In 2014, he was elected to the Royal Society of Canada. He was elected as
a foreign member of the Chinese Academy of Engineering in 2021 and was
awarded the Wang Xuan Applied Mathematics Prize in 2022 by the China
Society of Industrial and Applied Mathematics.




<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo false
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 200
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (Adobe RGB \0501998\051)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects false
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /None
	/Optimize false
	/ParseDSCComments false
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 400
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness false
	/OtherNamespaces [
		<<
			/IncludeSlug false
			/CropImagesToFrames true
			/IncludeNonPrinting false
			/OmitPlacedBitmaps false
			/AsReaderSpreads false
			/Namespace [
				(Adobe)
				(InDesign)
				(4.0)
			]
			/FlattenerIgnoreSpreadOverrides false
			/OmitPlacedEPS false
			/OmitPlacedPDF false
			/SimulateOverprint /Legacy
			/IncludeGuidesGrids false
			/ErrorControl /WarnAndContinue
		>>
		<<
			/IgnoreHTMLPageBreaks false
			/IncludeHeaderFooter false
			/AllowTableBreaks true
			/UseHTMLTitleAsMetadata true
			/MetadataTitle /
			/ShrinkContent true
			/UseEmbeddedProfiles false
			/TreatColorsAs /MainMonitorColors
			/MetricUnit /inch
			/RemoveBackground false
			/HonorBaseURL true
			/ExpandPage false
			/AllowImageBreaks true
			/MetadataSubject /
			/MarginOffset [
				0.0
				0.0
				0.0
				0.0
			]
			/Namespace [
				(Adobe)
				(GoLive)
				(8.0)
			]
			/OpenZoomToHTMLFontSize false
			/PageOrientation /Portrait
			/MetadataAuthor /
			/MobileCompatible 0.0
			/MetadataKeywords /
			/MetricPageSize [
				0.0
				0.0
			]
			/HonorRolloverEffect false
		>>
		<<
			/IncludeProfiles true
			/ConvertColors /NoConversion
			/FormElements true
			/MarksOffset 6.0
			/FlattenerPreset <<
				/PresetSelector /MediumResolution
			>>
			/DestinationProfileSelector /UseName
			/MultimediaHandling /UseObjectSettings
			/PreserveEditing true
			/PDFXOutputIntentProfileSelector /UseName
			/BleedOffset [
				0.0
				0.0
				0.0
				0.0
			]
			/UntaggedRGBHandling /LeaveUntagged
			/GenerateStructure false
			/AddRegMarks false
			/IncludeHyperlinks false
			/IncludeBookmarks false
			/MarksWeight 0.25
			/PageMarksFile /RomanDefault
			/UntaggedCMYKHandling /LeaveUntagged
			/AddPageInfo false
			/AddBleedMarks false
			/IncludeLayers false
			/IncludeInteractive false
			/AddColorBars false
			/UseDocumentBleed false
			/AddCropMarks false
			/DestinationProfileName (U.S. Web Coated \050SWOP\051 v2)
			/Namespace [
				(Adobe)
				(CreativeSuite)
				(2.0)
			]
			/Downsample16BitImages true
		>>
	]
	/CompressPages true
	/GrayImageMinResolution 200
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages false
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.7
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Error
	/PreserveOPIComments false
	/AutoPositionEPSFiles false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Bicubic
	/EncodeGrayImages true
	/Namespace [
		(Adobe)
		(Common)
		(1.0)
	]
	/AutoFilterColorImages false
	/DownsampleGrayImages true
	/GrayImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName (http://www.color.org)
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Dot Gain 15%)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.0
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Remove
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/PDFXOutputConditionIdentifier (CGATS TR 001)
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Preserve
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
		
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/HUN <>
		/NOR <>
		/DEU <>
		/CZE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
		/DAN <>
		/JPN <>
		
		/SUO <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		
		
		
		/PTB <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
		/TUR <>
		/POL <>
		
		/SVE <>
		
		/ESP <>
	>>
	/CropMonoImages false
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo true
	/ColorImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/CropGrayImages false
	/PDFXOutputCondition ()
	/SubsetFonts false
	/EncodeMonoImages true
	/CropColorImages false
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


