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Abstract

This paper investigates the performance of angle-of-arrival (AoA) estimation under hardware impairments in a reconfigurable
intelligent surface (RIS)-assisted millimeter-wave (mmWave) multiple-input multiple-output system. The AoA can be estimated by
the coarse angle through measuring power on permissible incident regions. The investigated algorithm shows the enhanced potential
in terms of hardware implementation feasibility, such as lower computational complexity than the maximum likelihood.

Index Terms—Reconfigurable intelligent surface, sensing, MIMO

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) has been focused as
a pivotal technology whereby its surfaces are endowed with
the capability to actively modify the impinging electromag-
netic wave [1]. Furthermore, the RIS can provide obvious
benefits in terms of communication, positioning, and sensing
by leveraging intended reflection [2], [3]. However, a critical
challenge is to compensate the hardware impairments. For
instance, the unconcerned hardware impairments affects as a
bias for the range and angle estimation, even all components
are synchronized.

To that end, this paper investigates a focal scanning (FS) to
estimate angle-of-arrival (AoA) for RIS-assisted millimeter-
wave (mmWave) communication system under hardware im-
pairments and multipath propagation. By measuring the re-
ceived power over the distance and beam direction at the RIS,
the AoA is estimated by the FS method with lower computa-
tional complexity compared to the maximum likelihood (ML)
method. The simulation results provide insights for deploying
RIS-assisted system for mmWave communication.

II. SYSTEM MODEL

This paper considers single-user orthogonal frequency divi-
sion multiplexing (OFDM) mmWave multiple-input multiple-
output (MIMO) system in uplink scenario, as shown in Fig.1.
Note that an user equipment (UE) and a base station (BS)
employ analog beamforming structure, where the UE and BS
are equipped with MU and MB uniform planar arrays (UPAs)
with half-wavelength spacing λ/2, respectively. Here, the RIS
equipped with MR antenna elements reflects the UE signal to
the BS.

The UE-to-RIS channel with the number of LUR can be
given by

HUR =

LUR∑
l=1

αl
URa(ϕ

l
UR)a(θ

l
UR)

H ∈ CMR×MU , (1)

where αl
UR, a(ϕl

UR), and a(θlUR) respectively denote the chan-
nel gain, the UE-to-RIS AoA, and the UE-to-RIS angle-of-
departure (AoD) of the l-th path.

UE (TX)

Blockage
BS (RX)

Processing time delay

RIS controller

RIS
Focal Scanning Area

�1
RB

✓1RB

�1
UR

✓1UR

Scanning

Fig. 1: A sensing scheme of uplink RIS-assisted mmWave
MIMO system and propagation paths.

Unlike the UE-to-RIS channel, there is only one RIS-to-BS
channel, HRB, can be given by

HRB =

LRB∑
l=1

αl
RBa(ϕ

l
RB)a(θ

l
RB)

H ∈ CMB×MR , (2)

where LRB denotes the number of signal paths between RIS
and BS. Here, αl

RB, a(ϕl
RB), and a(θlRB) respectively denote

the channel gain, the RIS-to-BS AoA, and the RIS-to-BS AoD
of the l-th path. The BS controls the RIS, and the RIS control
vector ω can be given by

ω =
[
β1e

jϑ1 , β2e
jϑ2 , . . . , βMRe

jϑMR
]
∈ CMR×1, (3)

where βm and ϑm denote a reflection coefficient and a phase
shift of the m-th antenna in RIS, respectively.

The cascaded channel can be represent with the RIS control
matrix Ω = diag(ω),

H = HRBΩHUR ∈ CMB×MU . (4)

Here, the received signal with the BS combiner w ∈ CMB×1

and UE precoder f ∈ CNU×1 at time step t and k-th subcarrier
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Fig. 2: The power spectrum and estimated azimuth and eleva-
tion of the UE, at the RIS.

can be represented as

yk,t = wH
t Hftxk,t + nk,t

=

LTot∑
l=1

αle
−j2π(τl+τp)k∆fej2πtToxk,t + nk,t, (5)

where LTot = LURLRB. τl, τp, ∆f , To, nk,t are the propagation
delay, hardware processing time delay, the subcarrier spacing,
the total OFDM symbol, and the additive Gaussian noise,
respectively. Here, αl = αp

URβMRe
jϑMRαq

RB, and k-th subcar-
rier’s phase offset φk is owing to the hardware processing time
delay, φk = −2π∆f(τl + τp).

III. FOCAL SCANNING METHOD

The RIS-assisted system to estimate AoA carried out from
the received signal assumes an imaginary focal point as the
incident wave source. Note that the imaginary focal point is
calculated from beam scanning within permissible incident
region of the RIS.

Let ωt and Ξ denote the RIS control vector and the unknown
position of the UE’s UPA center Ξ = (xUE, yUE, zUE). The
distance between the UE and Ξ, dUR, is assumed to be un-
known. The log-likelihood function with hardware processing
time delay is given by [4]

f({yk,t} | Ξ,{ωt}, dUR, τp)

= − 1

σ2

To∑
t=1

K∑
k=1

|yk,t − ỹk,t(Ξ;ωt, dUR, τp)|2,

(6)

TABLE I: SIMULATION PARAMETER CONFIGURATION

Parameters Value
Radio frequency 28GHz

# of subcarrier (@bin spacing) 1000 (@480 kHz)
# of MU, MR, MB 4× 4, 32× 32, 4× 4

Azimuth field-of-view (@bin beam steering) 0◦ to 180◦ (@3◦)
Elevation field-of-view (@bin beam steering) −45◦ to 45◦ (@3◦)

with the ML criterion

Ξ̂, d̂UR, τ̂p = argmax
Ξ,dUR,τp

f({yk,t} | Ξ, {ωt}, dUR, τp). (7)

Consider pt denotes the location of the t-th imaginary focal
point (or line) with the desired resolution for the FS method.
From (7), the estimation of Ξ by the FS method without
considering the number of angle and distance test points can
be given by

Ξ̂ = pt̃, t̃ = argmax
t

To∑
t=1

K∑
k=1

|yk,t|2. (8)

IV. SIMULATION SETUP AND RESULTS

For the simulation setting, LUR and LRB are respectively set
to 4 and 3. Here, the line-of-sight (LoS) path does not exist
between the UE and BS, as shown in Fig. 1. However, the
LoS path and diffused NLoS path do exist in UE-to-RIS and
RIS-to-BS. The simulation parameter configuration in detail is
described in Table I. The hardware processing time delay for
the changing of imaginary focal point is assumed to 3 µs.

Fig. 2 describes the received power spectrum of azimuth
and elevation at the RIS. The UE, RIS, and BS position are
respectively set to (3.75, 9.5, 1.47), (7, 7, 5), and (0, 0, 0), and
estimated azimuth and elevation at the RIS are 31◦ and −16◦.
The power spectrum of Fig. 2 greater than azimuth 150◦ shows
the spurious component, due to the phase offset from the
hardware processing time delay.

V. CONCLUSION

This paper analyzes the performance of AoA estimation un-
der hardware impairments and multipath propagation in RIS-
assisted mmWave MIMO system. The hardware impairments
are necessary to consider for the precise channel parameter
estimation and sensing. Moreover, the simulated result with
hardware impairments shows that spurious components are
revealed.
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