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Abstract—In this paper, we investigate a novel intelligent reflecting surface
(IRS)-aided multiuser communication system, where a multi-antenna base
station (BS) integrated with an IRS simultaneously serves multiple low-
mobility and high-mobility users via transmit diversity and active/passive
precoding, respectively. Specifically, we exploit IRS’s common phase shift to
help achieve transmit diversity for high-mobility users without any channel
state information (CSI), while incorporating the active/passive precoding
design into the IRS-integrated BS to serve low-mobility users with known
CSI. Then, we formulate and solve a new problem to minimize the total
transmit power at the BS by jointly optimizing the reflect precoding at the
IRS and the transmit precoding at the BS to cope with interference among
different users. Simulation results validate the performance superiority of
our proposed IRS-aided multiuser communication.

I. INTRODUCTION

IRS, or its equivalents such as reconfigurable intelligent surface (RIS)
has drawn considerable attention due to its ability to cost-effectively
construct a “smart and reconfigurable radio environment” via real-time
passive reflection [1]-[3]. Specifically, IRS is a planar meta-surface
comprising a large number of passive elements, each independently
adjusting the amplitude and/or phase shifts of the incident signal with
ultra-low power consumption. Due to the passive reflection nature of
IRS, it does not require any radio-frequency (RF) chain for signal
processing/amplification, resulting in even lower power consumption
and hardware cost. Not only conceptually appealing, IRS can also
be practically fabricated with low profile, lightweight, and conformal
geometry, thus facilitating its flexible and dense deployment in future
wireless networks to boost both spectral and energy efficiency [1]-[3].

However, prior works on IRS-aided wireless communication have
mainly focused on joint active and passive precoding design with the
CSI is fully or partially known [1]-[4]. Note that achieving superior
passive precoding gains with IRS generally requires more CSI and/or
beam training, which, however, can be practically challenging to acquire
and maintain. Moreover, since IRS typically consists of a large number
of passive elements that lack transmission/processing capabilities, the
conventional “all-at-once” IRS channel/beam training schemes (see [4]
and the references therein) may incur long training overhead, thus
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Fig. 1. IRS-aided multiuser downlink communication with high-mobility and
low-mobility users.

inevitably inducing a considerable delay prior to data transmission. Such
training delay is unacceptable for delay-sensitive or high-mobility com-
munication scenarios [5], [6]. In addition, the fast time-varying channel
may cause beam misalignment for IRS’s passive precoding, severely
degrading the performance of IRS in high-mobility and delay-sensitive
communication scenarios. As such, besides IRS passive precoding for
low-mobility communications, it is essential to develop new and efficient
IRS-aided transmission schemes to improve communication reliability
for high-mobility communications with very little or even no CSL

Motivated by the above, we propose a new IRS-aided multiuser
downlink communication system as shown in Fig. 1, where an IRS is
integrated with a multi-antenna BS to serve multiple high-mobility and
low-mobility users simultaneously without and with CSI, respectively.
Specifically, we design a new space-time code requiring no CSI to
achieve transmit diversity for multiple high-mobility users by exploit-
ing the common phase shift of the IRS. Meanwhile, we design the
active/passive precoding at the IRS-integrated BS to serve multiple low-
mobility users with their CSI known. Then, we propose an effective
algorithm based on alternating optimization (AO) to jointly design the
IRS’s transmit diversity and passive precoding as well as the BS’s
active precoding, thus successfully minimizing the total transmit power
at the BS subject to individual signal-to-interference-plus-noise ratio
(SINR) constraints for all users. Finally, we provide extensive numerical
results to validate the performance superiority of our IRS-aided multiuser
communication with the proposed co-design of transmit diversity and
active/passive precoding.

II. SYSTEM MODEL

As shown in Fig. 1, we consider an IRS-aided multiuser downlink
communication system, where an IRS comprising /N passive reflecting



elements is co-located and integrated with a BS which is deployed
with M antennas to enhance its communication with multiple single-
antenna users over a given frequency band. Notably, we consider a new
transmission architecture, referred to as the “IRS-integrated BS™ in this
paper, by taking the IRS as an integral part of the BS, thus enabling
the BS to replace the conventional IRS controller for directly tuning the
reflection of IRS in real-time.

In addition, we classify users into two groups according to their
mobility, i.e. low-mobility and high-mobility users, represented by the
sets L={1,...,L} and K = {L+1,..., L+ K}, respectively, where
the corresponding set sizes, L and K, denote the number of users
within each group. Attentive to the different communication require-
ments and/or channel conditions of these two groups, we consider two
basic communication models under a practical transmission protocol: 1)
downlink multicasting (MC), where the BS sends common information
in short packets to high-mobility users in /C; 2) downlink broadcasting
(BC), where the BS sends independent information in long packets
to different low-mobility users in £, where each transmission packet
constitutes one pilot sequence followed by one long data frame.

Let R € CNXM| hf e CY*M and gJH € CYV denote the baseband
equivalent channels for the BS—IRS, BS—user j, and IRS—user j
links, respectively, with j€£ U K. For high-mobility users, considering
the rich scattering environment and long distance between the BS/IRS
and users (see Fig. 1), we assume that the BS—user & channel th and
IRS—user k channel g7 follow the Rayleigh fading channel model, i.e.,

hk NNC( j;IM)ﬂk NNC( deN),VkGK (1)
where [ denotes the reference path gain at the distance of 1 meter
(m), the factor of 2 in the latter accounts for the half-space reflection
of each IRS element, o denotes the path loss exponent between the
IRS-integrated BS and user k, and dj, denotes the propagation distance
from the IRS-integrated BS to user k. While the BS—IRS channel
R and other channels associated with low-mobility users in L, i.e.,
{g{",h{"} VL € L, can be completely arbitrary without assuming any
specific channel model in this paper.

Furthermore, we let @ 2 [01,0s,...,0n]7 denote the IRS reflection
vector, where the reflection amplitudes of all passive reflecting elements
are set as one or the maximum value, ie., |0,] = 1,Vn = 1,..., N.
Thus, under the unit-modulus constraint, any IRS reflection vector 8 can
be expressed as

0= ej“”é < 671, - ejwén,

where @ £ [01,02,...,0n]7 denotes the (passive) precoding vector with
|6.] =1,¥n=1,..., N, and ¢ denotes the IRS’s common phase shift
applied to all of its reflecting elements. Inspired by the decomposition
structure in (2), we propose to design both the common phase shift
¢ and precoding vector @ of IRS to simultaneously achieve transmit
diversity for high-mobility users without CSI and passive precoding for
low-mobility users with CSI, respectively.

vyn=1,...,N 2)

III. PROPOSED SCHEME AND PROBLEM FORMULATION

In this paper, we conduct linear transmit precoding at the BS, where
each data stream is assigned with one dedicated precoding vector.
Accordingly, the complex baseband transmitted signal at the BS can
be expressed as

TABLE I
THE SPACE-TIME CODE DESIGN FOR IRS-AIDED TRANSMIT DIVERSITY
SCHEME VERSUS TRANSMIT BEAMFORMED ALAMOUTI’S SCHEME.

IRS-aided transmit diversity scheme
(for the IRS-integrated BS)

Transmit beamformed Alamouti’s scheme [7]
(for the multi-antenna BS without IRS)

Symbol | BS’s transmit beam | IRS’s common phase BS’s transmit beam 1 | BS’s transmit beam 2
1 wr151 = /3, — /5 wr151 w5
2 —wr+153 o = L8 — L5 +7 —wr4153 w181
L
xr = E w s + wr+18 3)

=1
where s; denotes the independent data symbol for low-mobility user [
with [ € £, § denotes the common data symbol for high-mobility users in
K, and w; € CM*1 and wr1 € CM*1 gre the corresponding transmit
precoding vectors for symbols s; and 3, respectively. It is assumed that
L ~ . . .
{s1},_, and § are independent random variables with zero mean and
unit variance (i.e., normalized power).

A. Transmit Diversity for High-mobility Users

In this subsection, we focus on the transmit diversity design at the
IRS-integrated BS without requiring any CSI of high-mobility users.
Specifically, we propose an IRS-aided transmit diversity scheme at the
BS to deliver common information to high-mobility users in K. In
our proposed IRS-aided transmit diversity scheme, the BS and IRS
collaboratively encode consecutive pairs of modulated data symbols
under a new space-time code design with transmit precoding wr 1.
We let 51 and S2 denote any pair of two consecutive modulated
symbols, which are assumed to be independently drawn from an M-
ary (differential) phase shift keying (PSK) constellation. In Table I, we
present the space-time code design of the proposed transmit diversity
scheme, as compared to the transmit beamformed Alamouti’s scheme
[7] at the multi-antenna BS without IRS, where w41 and wf
denote two orthogonal transmit precoding vectors. Specifically, during
the first symbol period, the BS sends wr 4151 (multiplexed with other

@\ *

data symbols ¢ wys,
1= S
sets its reflection vector as 61 = e’¥'0 with its common phase shift

being the phase difference between the two modulated symbols, i.e.,
p1 = £32 — Z51. During the second symbol period, the BS sends

for the

for the low-mobility users) and the IRS
1

L
—wr+185 (multiplexed with other data symbols {w,s( )}
1=

low-mobility users) and the IRS sets its reflection vector as 6 = elv209
with its common phase shift being po = £52 — £51 + 7.

According to the above, the received signal at each high-mobility user
during the first symbol period is exp essed as

(1) (hk +gk diag ( 01)R) szs +wL+1S1>+n<)
(hk +gk diag (61) R) w1151

(h;C + gi dlag (61) ) Zwlsm “)

71

interference—plus—noise: g,

where n(l) ~ N.(0,5?) is the zero-mean additive white Gaussian noise
(AWGN) at high-mobility user &k and n<1) ~ N.(0,53}) is the equivalent



interference-plus-noise with its variance given by

GF = {Z’(hk +gi diag (01)R) wl‘z} +0°

- 28
Z ( 1M+d7R R)wl+02. 5)
By substituting 8; = ¢?#10 into (4), we have
yl(:) = hwa+1 51+ gfdiag (é) Rwi 41 €j¢1§1 + fl,(cl)
—_———
by, Ik
= hksl + grS2 + n( ) (6)

where g, and hy denote the effective gains of the IRS-reflected and
direct channels, respectively, and (a) holds since §2 = §; el (452=451) —
ele1 3.

Similarly, during the second symbol period, the received signal at
each high-mobility user is given by

yl(f) — (h,C +gk diag (02) ) ( 'wls — wL+1s>+n( )
— (' + gf diag (62) R) w115}

(hk + g dlag (62) ) Zwls@) + n 7

interference—plus—noise: ﬁ;f)
where n,(f)NNC(O, o?) is the zero-mean AWGN at high-mobility user
k and ﬁf)wj\/'c(o, &7) is the equivalent interference-plus-noise with its
variance given in (5) by replacing 61 with 2. Likewise, by substituting
0> = €920 into (7), we have

yl(f) = —hi'wr1 § — gl diag (6) Rwpi1€’925; + 7 ~<2)
——
hy K
@ —hy5s + grd1 + n( ) 8)
where (b) holds since & = —§3e/(“5274514™) — _oi®25 For the

downlink MC, each high-mobility user aims to decode 51 and S2 while
treating other symbols for low-mobility users as interference. As such,

let yi 2 [yi NN

transmitted pair of §; and Sz, (6) and (8) can be rewritten in a compact
form as

denote the received signal vector for each

= - - ~ (1)
he gk } {51] ny,
Ye = | . Tl lz | T/ =@\* )
* [Qk —hi] [52 (nf))
H 5 ~
n

where H denotes the equivalent channel matrix, § is the modulated
symbol vector, and m, is the interference-plus-noise vector. Then, we
left-multiply the received signal vector yy in (9) by H™, which yields

w=H"y, = H"H5 + ny, (10)
with g 2 [g1,72]" 2 H"n,, where we have HYH =
(|i~zk|2 + |§;¢|2> I, and it can be verified that my is the equivalent

interference-plus-noise vector with 7, ~ N.(0, (|hx)? + |Gx|?)52 12).

and 7y

Accordingly, the average received SINR at each high-mobility user is
given by
E{| el + 13} _
o

E{|hi/wr1]? + |gi diag (6) Rwr .|}

L
S wf (%IM + %RHR> w; + o2
=1 '

B ’w£1+1 (IM + QRHR) Wi 41 VE € K

H (I + 2RYR) w; + do?/f

an

M=
g

Il
=

B. Active/Passive Precoding for Low-mobility Users

Apart from serving high-mobility users via the IRS-aided transmit
diversity, the IRS-integrated BS also performs active/passive precoding
simultaneously to serve low-mobility users with known CSI . Specif-
ically, given the pre-determined common IRS phase shift which helps
achieve transmit diversity for high-mobility users, we carefully design
the precoding vector @ in (2) for low-mobility users, as shown in Fig. 1.

The signal received at low-mobility user [ from both the BS—user
and BS—IRS—user channels is then expressed as

L
= (th —+ ngdiag (0) R) (Z w;Ss; + ’LUL+1§> =+ ny

j=1
:(th +e'? gl diag (6) R) wis+ (th +e'? gi! diag (6) R)
L

Z’u}ij +wL+1§ =+ ny
J#l

(12)

where n; ~ N.(0,0%) is the AWGN at low-mobility user [ with o
being the equivalent noise power. According to (12), the SINR of low-
mobility user [ is given by

H J<P
SINR[ZL+1 ’(hl +e dlag 0 ) l‘ (13)
> (i + eiv gl diag (8) R) w;|*+02
il

C. Problem Formulation

In this paper, we aim to minimize the total transmit power at the
BS by jointly optimizing the transmit precoding at the BS and reflect
precoding at the IRS, adhering to individual SINR constraints for all
users. For simplicity of notation, we let W = [w1, - ,wr, wr+1]
denote the transmit precoding matrix at the BS. Accordingly, the problem
is formulated as

L+1
P1):mi 12 14
(P1):min ;ngu (14)
h + e7?gf diag (0) R) w ?
st Ll(l ’ ol dieO)R)wi] . wier s
> ‘(h{{Jrej%"gfIdiag(é)R)wj ’2+02
il
wi, | (I +2RYR) w
. L+1( M ) L+1 > i1 (16)
Z (IM+2RHR)U)1+0'L+1
|§|_1vn_1 ,N. (17



where ; > 0,1 € £ is the minimum individual SINR requirement of
each low-mobility user and vz 41 > 0 is the minimum SINR requirement

1o Although the

objective function in (14) is convex, it is tricky to solve (P2) due to the
non-convex constraints. Specifically, the unit-modulus constraint in (17)
is non-convex, and the transmit precoding W and reflect precoding @
are coupled, which thus need to be optimized jointly. In addition, (15)
and (16) indicate that all the low-mobility and high-mobility users are
coupled by their mutual interference, which poses even more challenges
to this problem. Although there is no standard method for optimally
solving such a non-convex optimization problem, we employ the AO
technique to solve (P2) efficiently, as elaborated in the next section.

of all high-mobility users in IC with 6%“ = max
€

IV. PROPOSED SOLUTION TO PROBLEM (P1)

In this section, we propose an AO algorithm for solving (P1).
Specifically, we alternately optimize the transmit precoding W at the
BS and the reflect precoding @ at the IRS in an iterative manner, until the
convergence is achieved. For any given reflect precoding 6, the combined
channel from the BS to each low-mobility user is given by

hi' = h{" +&'?g/ diag (6) R (18)
and thus the problem (P1) can be reduced to
L41
. 12
(P2min Y ||| (19)
j=1
Bl
s.t. p >,V e L (20)
> |hfw;|” + 02
i#l
H H
w I+ 2R R)w
1 (I Jwin L e

L
l; wf (In + 2RYR) w; + &%H

Note that the problem (P2) has an additional average SINR constraint for
high-mobility users as compared to the conventional power minimization
problem in the multiuser multiple-input single-output (MISO) downlink
broadcast system. It is found that after reformulating problem (P2) as a
convex problem, we can apply the second-order cone program (SOCP)
[8] or semidefinite program (SDP) [9] to solve it efficiently. Neverthe-
less, this numerical solution has few insights into the structure of its
optimal/suboptimal solution and has a relatively high complexity. To
address this issue, we present the zero-forcing (ZF) transmit precoding
in the following.

A. ZF Transmit Precoding Optimization

For the transmit precoding design at BS, we consider applying the ZF
criterion to eliminate the multiuser interference among all low-mobility
users, with the closed-form expression given by

- N
Wyr = H (HHH> P (49)
where H" = [hy,.. .,I_LL}H denotes the equivalent channel matrix
and P = diag (\/Pl, RV PL) denotes the diagonal transmit power
matrix for the L low-mobility users. Furthermore, we can set P, = ;02

to meet the constraints of (20) with equality to minimize the transmit
power for each low-mobility user.

Moreover, to avoid extra interference to low-mobility users, the
transmit precoding wy1 for high-mobility users can be designed by
exploiting the null space of the channel matrix H. Specifically, let
F € CMXT with M — L < T < M denote an orthonormal basis
for the null space of H¥, we can design the transmit precoding for
high-mobility users as wr1; = Fv, with v € CT*! being a linear
combination vector. Apparently, we have Hfw;,1 = H"Fv =
Orx1, which implies that the transmit precoding wr1 for high-
mobility users will not cause any interference to low-mobility users, i.e.,
hffwry1 = 0,Vl € £ in (20). Thus, given the ZF transmit precoding
in (49), problem (P2) is reduced to

lv))*
v"F" (I, + 2R"R) Fv
tr(WgF(IAI+2RHR)WZF)+5%+1

where ||wz1]]> = ||Fo|* = v FEFv = vy = |Jv||* due to the
orthonormality of F, i.e., F*F = Iryr. Moreover, one can easily
show that the inequality constraint in (51) is satisfied with equality
at the optimum; otherwise, the optimal v could be scaled down to
satisfy the constraint with equality, thereby decreasing the objective
function and contradicting optimality. Similar to [10], it follows that
the optimal v should be selected as the scaled principal eigenvector of
F" (I +2R" R) F associated with the largest eigenvalue, which is
given by

(P3):min (50)

s.t. (51

>YL+1

v =\prs1® = wiy =Fv" (52)

where ¥ = P{F" (I, + 2R" R) F} is the normalized principal
eigenvector and thus F'¥ is the normalized transmit precoding direction
for high-mobility users, and pr4+1 denotes the precoding power, which
is chosen to meet the equality of the constrain in (51), i.e.,
YL+ (tr(Wé{F (IM +2RHR)WZF) —|—5’%+1)

oHFH (Inf +2RHR) Fo (33)

PL+1

B. Reflect Precoding Optimization

For fixed transmit precoding W at the BS, problem (P1) reduces to
a feasibility-check problem. Specifically, let a; ; = h{'w; and b, =
e?% gf diag (Rwj), problem (P1) can be reduced to

(P4):Find 7] (54)
b2 + ap,|?
s.t. 16620 + aiy| 5 >y,VlieLl (55)
L+1 n *
Zj;{l ‘bl"fje—i—al’j + 02
|0, =1,¥n=1,...,N. (56)

Problem (P4) remains non-convex due to the non-convex unit-modulus
constraints in (56). However, by transforming the constraints (55) and
(56) into quadratic forms, the SDR technique can be applied to solve
problem (P4) efficiently.

Specifically, problem (P4) can be transformed into

(P4.1):Find 7]
s.t. 0"B1,0 + |a|* >

(57)



Algorithm 1 The AO Algorithm for Solving Problem (P1)

1: Initialization: 8 := 0, W := W and the iteration number

1=0.

2: repeat

3:  Solve problem (P3) for given 8 via the ZF transmit precoding
design in Section IV-A, and denote the solution as w®,

4:  Solve problem (P4.2) for given W via the SDR method in
Section IV-B, and denote the solution after performing Gaussian
randomization as @01,

5. Update ¢ := 1+ 1.

6: until The fractional increase of the objective value in (14) is below

a threshold £ > 0 or the iteration number ¢ reaches the pre-designed
number of iterations I.

L+1 L+1

w( DY 0"Bi;60+) Ja;[*+o?| VieL (58
J# J#
[t| =1,10.] = 1,¥n=1,...,N. (59)
where
~[bub ai b ~ [0
B = |:al,jbl{{j 0 , 6= . (60)

with ¢ being an auxiliary variable. As éHBlJé =tr (Bl,jééH), we
further define ® = 06", which is required to satisfy the condition
of ©® > 0 and rank )
non-convex and solving the feasibility-check problem may not yield an
efficient reflect precoding for minimizing the total transmit power at the
BS. To obtain a more efficient solution, we relax the rank-one constraint

and reformulate problem (P4.1) with an explicit objective, which is given
by

= 1. However, the rank-one constraint is

L
(P4.2): ~ max a (61)
QV{Cl}lL=1 ;
s.t. tr (Bl,l(:)) + |ai, 2>
141 L+l
M Ztr(Bl’jG))+Z|al,j|2+O'2 4+ Vel (62)
AL AL
[@] =1, Vn=1,...,N+1 (63)
©-0,6>0, Viel (64)

where the slack variable ¢; can be interpreted as the “SINR residual”
of low-mobility user [ in precoding optimization. It can be verified that
problem (P4.2) is a convex SDP problem, which can be optimally solved
with existing convex optimization solvers such as CVX [11]. Although
the SDR technique may not provide a rank-one solution, we can retrieve
a high-quality rank-one solution to problem (P4.1) from the obtained
higher-rank solution by using e.g., Gaussian randomization.

To sum up, we solve problem (P1) by alternately solving subproblems
(P2) and (P4.2) in an iterative manner. The details of the proposed AO
algorithm are summarized in Algorithm 1.

V. SIMULATION RESULTS

In this section, we provide simulation results to validate the per-
formance of the IRS-aided multiuser communication system with our
proposed co-design of transmit diversity and active/passive precoding.
In a three-dimensional (3D) Cartesian coordinate system, the IRS locates
on the = — z plane with its center point at (0,0, 4) m; while the multi-
antenna BS locates on the y — z plane with its center point at (0, 0.5,4)
m. Without loss of generality, we assume that all the low-mobility
and high-mobility users are randomly located in the front half-space
reflection area of IRS with the same distance of d = d; = 50 m,
j € LUK on the x — y plane. The numbers of high-mobility and
low-mobility users are both set to 3. In addition, we assume that all
low-mobility users have the same SINR target, v = ;,Vl € £ and all
high-mobility users also share the SINR target of ~;,41 for their common
information.

We adopt the square uniform planar array (UPA) model for the IRS,
configuring an equal number of reflecting elements per dimension along
the z- and z-axes, i.e., N, = N, = v/N. The reference path gain at
the distance of 1 m is set as § = —30 dB for all individual links. The
path loss exponent is set as « = 2 for the link between the BS and its
integrated IRS (which is modeled by the near-field line-of-sight (LoS)
channel due to the short distance) and set as o = 2.5 for the other links
(due to the relatively large distance). In addition, the channels between
the BS/IRS and the low-mobility users, ie., {g/,h{'},VI € L, are
modeled by the Rician fading with the Rician factor of 5 dB. Unless
otherwise stated, the number of BS antennas is M = 8, the wavelength
is A = 0.05 m, the element spacing is set as A = /2 = 0.025 m, and
the noise power at each user is set equal as o> = —85 dBm.

For the joint active and passive precoding design in problem (P2), we
consider two benchmark schemes as follows.

+« Random phase with ZF transmit precoding: In this scheme, the
reflect coefficients in § are randomly generated following a uniform
distribution within [0, 27) at the IRS and the ZF transmit precoding
in Section IV-A is applied at the BS.

« DFT-based codebook search with ZF transmit precoding: In this
scheme, the passive precoding 8 is searched over a discrete Fourier
transform (DFT)-based codebook (denoted by D) to maximize the
minimum channel gain among all low-mobility users, i.e., % =
arg max Erél?Hf_LlHHQ Then, given 8*, the ZF transmit precoding in
Section IV-A is applied at the BS.

In Fig. 2, we show the transmit power at the BS versus BS/IRS-
user distance, with N = 400, v = 10, and vr41 = 1. It is
observed that regardless of the BS/IRS-user distance, the proposed AO
algorithm attains the lowest transmit power. In particular, the proposed
AO algorithm requires about 1.8 dB and 2.7 dB lower transmit power
than the DFT-based codebook search and the random phase schemes,
respectively. Mover, by exploiting the pronounced passive precoding
gain, the IRS-aided system using the proposed AO algorithm requires
much lower transmit power (up to 8.2 dB) than the baseline system
without IRS.

Next, we show the symbol error rate (SER) performance of our
proposed IRS-aided transmit diversity scheme, where the 8-ary PSK
modulation and the following benchmark schemes are adopted.
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Fig. 2. BS transmit power versus BS/IRS-user distance, with N = 400, v = 10,
and yr,41 = 1.
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Fig. 3. SER versus BS transmit power for high-mobility users, with N = 400
and v = 10.

Transmit power for high-mobility users, || w

o Null-space-based scheme without IRS: In this scheme, wr41 is
designed to project into the null space of H* and then the BS
multicasts the modulated symbols wr15 to high-mobility users.

o Null-space-based scheme with dumb IRS: In this scheme, the
IRS fixes its common phase and the BS multicasts the modulated
symbols wr,+18 to high-mobility users with w1 projected into
the null space of H .

o Null-space-based Alamouti’s scheme: In this scheme, two orthog-
onal transmit precoding vectors wr+1 and w7, are generated to
create an orthogonal channel condition for transmitting the space-
time code as in Table I to high-mobility users.

In Fig. 3, we compare the average SER versus the transmit power
at the BS for high-mobility users, with N = 400 and v = 10. It
can be observed that our proposed IRS-aided transmit diversity scheme
achieves a transmit diversity gain of order two as compared to the
baseline systems without space-time code design. In addition, owing to
the additional signal reflection power induced by the IRS for achieving
a higher average channel gain, the IRS-aided transmit diversity scheme
(null-space-based scheme with dumb IRS) achieves up to 5 dB gain
over the null-space-based Alamouti’s scheme (null-space-based scheme
without IRS).

VI. CONCLUSIONS

In this paper, we explored a novel IRS-aided multiuser communication
system with a new architecture of IRS-integrated BS, and proposed a
co-design of transmit diversity and active/passive precoding to simul-
taneously serve multiple high-mobility and low-mobility users without
and with CSI, respectively. Specifically, we designed the IRS’s common
phase shift to help achieve transmit diversity at the BS without any CSI
to serve high-mobility users; meanwhile, the active/passive precoding
gain can be simultaneously achieved for low-mobility users with their
CSI known at the IRS-integrated BS. We then formulated and solved a
joint reflect and transmit precoding optimization problem to minimize
the total transmit power at the BS. Simulation results demonstrated the
substantial performance gain achieved by the new IRS-aided multiuser
communication system with the proposed co-design of transmit diversity
and active/passive precoding.
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