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IRS-Assisted Communications Under Practical
Channel Estimation and Hardware Model
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Abstract—In wireless communications, the propagation envi-
ronment is not always favorable and may have several adverse
conditions for data transmission and reception. The improper
propagation conditions can be mitigated by the operator or by
the current signal processing techniques. This classical paradigm
can be rethought with the emerging concept of intelligent
reflecting surface (IRS). IRS is a cost-effective, power-efficient
and low hardware complexity solution capable of make wireless
propagation environments more favorable by controlling in a
software-defined way the amplitude and phase of the incident
signal in order to improve the signal-to-noise ratio or mitigate
interference at the intended receiver. However, in practice, the
IRS operation are subject to inevitable impairments and practical
issues, such as hardware limitations, blockages, and channel
estimation errors that directly affects the system performance.
In this paper, we study an IRS-assisted wireless communication
system operating under one practical hardware model, which
blockages at the IRS reflecting units are taken into account.
Then, we investigate the impact of these real-world impairments
on the system performance under practical channel estimation.
The performance of an IRS-assisted communication under such
practical constraints are evaluated in terms of the spectral
efficiency (SE), normalized mean square error (NMSE) and
symbol error rate (SER).

Keywords— Intelligent reflecting surface, varactor model,
blockages, channel estimation, spectral efficiency.

I. INTRODUCTION

Intelligent Reflecting Surface (IRS) has attracted recent
attention of researchers and industry. With this new concept,
many efforts have been made to investigate the real benefits
and limitations of this promising technology in the context
of wireless communications [1]. This is motivated in part by
the nature of the IRS, which is composed of low-cost semi-
passive reflecting units capable of “reprogramming” the chan-
nel by self-adjusting the amplitude and phase of the incident
signal, enabling the concept of smart wireless environment.
In addition, IRS is capable of boosting the current wireless
network performance by providing greater spectral and energy
efficiency gains.

Several works have studied the performance of IRS-assisted
wireless communication systems considering different sce-
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narios and useful cases. The authors of [2] have analyzed
the application of IRS in unmanned aerial vehicle (UAV)
communication. Based on game theory, a dynamic network
service selection was proposed in [3]. Furthermore, in [4], the
IRS has been integrated into a satellite-terrestrial network to
enable a secure cooperative transmission. The authors of [5]
present the potentialities of an IRS-assisted smart radio, envi-
sioning 6G networks and beyond. However, the performance
gains achieved in IRS-assisted systems strongly depends of
the channel estimation accuracy, as well as the hardware
technology considered to implement the reflective units. First,
several works have focused on the channel estimation problem,
and different solutions have been proposed in the literature.
The first work that tackles this problem assumed an idealized
IRS model, where the reflecting units have an infinite phase
shift resolution and an ideal (unitary) amplitude response
[6]. Some works have adopted a more practical view on the
IRS model by considering hardware limitations. In [7], the
authors consider an IRS operating under finite resolution of
phase shifts, where the reflecting units can be tuned from
a finite number of phases. In addition, the paper [8] have
studied constraints on the amplitude response of the reflecting
units. The authors in [9] have considered an IRS model
under blockages. In this case, the IRS operates under failures
of some reflecting units, for instance, due to uncontrollable
environmental circumstances or atmospheric effects.

Although the works mentioned have studied some practical
aspects related to the IRS model, the performance impact
of physical (circuit-based) hardware models combined with
actual channel estimation deserves attention and can be better
understood. In particular, the response of the IRS is limited
by the hardware technology and, more specifically, by the
parameters of the electric circuits that make up the reflecting
units. Currently, the most popular hardware model for IRS is
based on varactors [10] and PIN diodes [11], although liquid
crystals have also been considered [12]. Another recently
studied model is based on graphene technology, which can
have a great appeal in the terahertz band [13]. Hence, the IRS
response depends directly on its physical design, since the
different construction mechanisms imply different restrictions
that affect the overall communication performance. In this
paper, we combine several realistic aspects such as channel
estimation errors, practical hardware model and blockages in
the IRS reflecting units and study their effects on the system
performance. For simplicity, we consider a single-input single-
output (SISO) IRS-assisted wireless communication system
and we use the most popular approach for channel estimation,
known as the ON/OFF method [14].
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Fig. 1. IRS-assisted communication system.

Notation: Scalars and column vectors are represented by
lowercase letters (a,b,...) and boldface lowercase letters
(a,b,...), respectively. The transposition of a given vector
a is denoted by a’. The operator © denotes the Hadamard
product. |x| and sz denote the absolute value and the phase
of the complex-valued scalar x, respectively. The Frobenius
norm of a is represented by ||al|E.

II. SYSTEM MODEL

We consider a single-antenna transmitter and receiver com-
municating system with an assistance of an IRS composed of
K reflecting units along with a smart controller, as illustrated
in Figure 1. We assume that some IRS units can be fully
blocked, i.e., Kp = K- Pp random units at the IRS are subject
to blockages, where Pp denotes the blockage occurrence
probability. We assume a downlink communication, where the
transmitter is the base station (BS) and the receiver is the user
terminal (UT). However, our signal model also applies to the
uplink case by just inverting the roles of the transmitter and
the receiver. The direct channel between the BS and the UT
is assumed to be unavailable. Assuming a flat fading channel,
the signal received at the UT can be expressed as follows

K
y= [Z hierarskgr

k=1

T+n, (1)

where hy, and g, are the Rayleigh fading channels between the
BS and the IRS, and between the IRS and the UT via the k-th
IRS unit (k =1,..., K), x denotes the pilot signal, and n is
the additive white Gaussian noise (AWGN) term with variance
o2. The received signal in (1) can be rewritten in vector form
as follows

y = g'diag(e ®a ® s)hz +n, 2)

where h = [hy,...,hg]" € CE*L and g = [g1,...,9x]" €
CKX1 are the vectors of channel coefficients between the
BS-IRS and IRS-UT, respectively. The k-th entry of e =
[e1, ..., ex] € REX1 models the blockage of the correspond-
ing IRS unit. Throughout this paper, we assume that the entries
of e follows a Bernoulli distribution, i.e., ¢, = 0 if the k-
th IRS unit is blocked and e, = 1 otherwise!. The vectors
a=[ay,...,ag] € RE*1and s = [ed?1, ... el9x] € CKX!
contain the IRS amplitude responses and the phase shifts.

}T

I'We can also extend this analysis for different levels of blockages. For
instance, we can assume that the IRS units are partially blocked. In this case,
the entries of e are uniformly distributed between 0 and 1.

Note that the received signal in (2) unifies in its structure
different kinds of practical impairments on the IRS model.
In other words, the vector e models the presence of possible
blockages, while a and s model the amplitude and phase
shift constraints of the considered hardware design. In the
following, we discuss the most common signal models in the
literature as particular cases of Equation (2).

A. Idealized IRS Model

In the ideal case, the IRS reflecting units have a perfecting
functioning, since practical amplitude and phase impairments
are neglected [8]. The phase shifts have infinity resolution,
which means that ¢; can assume any value within the range
(0,27) Vk. The amplitude response is always unitary, i.e.,
ar = 1 Vk, and the IRS units are not blocked, i.e., e, = 1
Vk. Based on these assumptions, the received signal in (2)
simplifies to

y = g'diag(s)hz + n. 3)

This signal model corresponds to the best unfeasible scenario
in terms of system operation, since the IRS is not affected
by any practical impairment. Therefore, it is considered as a
baseline system model for performance benchmark.

B. IRS Model Under Discrete Phase Shift Resolution and
Amplitude Fluctuations

In practice, the IRS controller, e.g., an Field Programmable
Gate Array (FPGA) is capable of tuning a finite number of
discrete phases ¢y, Vk. In this case, all possible phase shifts
can be uniformly distributed in the [ set as follows [7]

2
F )
where F' = 2% denotes the number of possible discrete phase
levels and b is the number of bits necessary to represent
each discrete phase shift, i.e., q@k € F Vk. Assuming that the
amplitude response of the reflecting units fluctuates due to
power dissipation in a practical hardware, we have 0 < aj <
1, yielding the following signal model

F={0,A¢,...,(F—1)A¢} and A¢= )

y = g'diag(a ® s)hz +n, (5)

where s = {ej‘lgl,...,equf(} € CK*1 When blockages on
the IRS reflecting units are also considered, the more general
received signal in (2) holds.

C. Varactor-Based IRS Model

The signal model discussed in the previous section consid-
ered that the amplitude responses of the IRS have a random
nature and can be modeled independently from the phase
shifts. Although these model provide a simpler approach to
study the performance of IRS-assisted communications, they
do not consider constraints imposed by a physical hardware
model. There is, however, a fundamental coupling between
the amplitudes and the phase shifts of the reflecting units that
depend on the electric parameters of the considered hardware
model. Its impact should also be taken into account when
realistic impairments are studied.
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Fig. 2. Tllustration of the equivalent varactor circuit model.

TABLE I
PARAMETERS USED IN THE VARACTOR MODEL

Element Value
Impedance in free space (Zp) 377
Indutance 1 (L1) 2.5 nH
Indutance 2 (L2) 0.7 nH
Effective capacitance (C) [0.47 — 2.35] pF
Angular frequency (w) 4.87 x 107

To this end, we consider a hardware model based on
varactor diodes [10], [15]. This model consists of an equivalent
circuit composed of resistors, inductors and capacitors that
form the parallel resonant circuit illustrated in Figure 2, whose
impedance is given by

Z0(Co Ry = 2Vl e H RO
Jjwli + (jwLs + + Ry)

JwCk
where Ly, Lo, Ck, R; and w denote the inductance, effec-
tive capacitance, effective resistance, and angular frequency
of the incident signal, respectively. From (6), the reflection
coefficient of the k-th IRS unit is modeled as
_ Zi(Cr, Ry) — Zo
Zy(Cr, Ri) + Zo’

where Z; represents the free-space impedance. Therefore, the
corresponding amplitude and phase shift response of the k-th
IRS unit are respectively obtained from (7) as follows

)

Uk

a = |vg|

and ¢ = U (3

In practice, each IRS reflecting unit can only take a finite
number of discrete phase shifts values, as mentioned in Section
II-B. Therefore, the continuous phase shift ¢, in (8) should
be rounded to its best discrete level ¢, into the set F in (4).
Based on this minimum distance criterion, ¢, is chosen when

bp =min g — f- AP, f=1,...

To illustrate the relationship between the amplitude and
phase shift at each IRS unit for different resistance values,
Figure 3 depicts the amplitude vs. phase response curves for
the circuit parameters shown in Table I. We can observe that
the amplitude response presents different ranges of variation
as a function of resistance. More specifically, by increasing the
resistance, the amplitude values decrease, indicting unavoid-
able absorption or energy dissipation. Moreover, we can also
observe that the practical varactor model in fact captures the
typical behaviour of the phase-dependent amplitude variation
in the IRS units. This property was neglected in the signal
models of Section II, which do not consider the physical
coupling between ay, and ¢y.

JF—1. )
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Fig. 3.  Amplitude vs. phase shift coupling for a varactor-based IRS model.

III. CHANNEL ESTIMATION AND IRS OPTIMIZATION
A. Channel Estimation

The optimization of the IRS phase shifts require the knowl-
edge of the channel state information, which can be estimated
at the receiver from pilots sent by the transmitter and reflected
by the IRS. Note that a passive IRS model is assumed here,
which means that the IRS does not have any digital signal
processing capability. Therefore, the optimized phase shifts
should be computed at the receiver from the estimated channel,
and conveyed to the IRS smart controller using control sig-
naling. Among the different channel estimation approaches in
the literature, we consider the state-of-the-art ON/OFF method
[14] for simplicity. It consists of sequentially estimating the
channel coefficient associated with each reflecting unit by
switching each individual IRS element ON and OFF. More
specifically, each element of the cascaded channel is estimated
at each time slot £ = 1,..., K from a pilot sent by the
transmitter and reflected by the corresponding IRS unit. Since
the pilot = is transmitted at the k-th time slot, the received
pilot signal is given as

Yk = hgagspgrx + ng. (10)

From (10), the estimate of the cascaded channel coefficient
related to the k-th IRS unit is computed as

(11

In this approach, the cascaded channel estimation is accom-
plished after K time slots. The ON/OFF channel estimation
method is summarized in Algorithm 1.

hidr = yr (aspz) ™!

B. IRS Optimization

After the channel estimation using Algorithm 1, the phase
shifts at the IRS are designed to maximize the signal to noise
ratio (SNR) at the receiver during the data transmission phase.
The SNR is maximized by “aligning” the IRS phase shifts
to the channels phase such that they add coherently at the
receiver. The optimal choice for the continuous phase shift
associated with the k-th IRS unit is computed as [12],

qﬁgfpt) = —/hyir, Vk=1,...,K. (12)
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Algorithm 1: ON/OFF Channel Estimation Method
Procedure
Input: ay, sy and x, VEk=1,... K.
begin
for k=1,...,K do
1. Turn the k-th IRS reflecting unit ON while
keeping all other units OFF,
2. Yk < hkagskgrT + n;
3. hkgk — yk(akska:)_l.

end
4. Construct the estimated cascaded channel
vector:
W [h1§71, ey hKQK}T.
L end

The discretized phase shift corresponding to (12) can be
obtained as follows

o™ =min|gf™ — f-Ag|, f=1,... . F~1 (3

IV. NUMERICAL RESULTS

In this section, the performance of the IRS-assisted wireless
communication system is evaluated under different kinds of
practical impairments. The impact of the varactor model on
the channel estimation accuracy is evaluated in terms of the
normalized mean square error (NMSE) between the true and
the estimated cascaded channels as

T W 2
NMSE(w) = 1 Z (”thw(T)HF> 7 (14)

72\ hogf?

where w(,) = ho g is the cascaded channel estimated at the
7-th Monte Carlo run. The spectral efficiency is calculated as

Td' h2
SE = log, <1+|g iagle©a©s)h| >

> (15)
Note that the spectral efficiency formula considers the general
signal model in (2) and perfect channel knowledge. When
considering the particular cases of this signal model, the IRS-
related terms e, a, s are adjusted accordingly. The performance
curves are plotted as a function of the transmitted signal energy
to noise density ratio (Fy/Ny) for an IRS of K = 100 units.
Our results represent an average over 7' = 10* independent
Monte Carlo runs. Besides, the considered varactor hardware
model is configured with the parameters given in Table I of
Section II-C, the phase shift model (9), and Ry = 1 2. For the
discrete-phase model, we assume b = 4 bits, yielding 2* = 16
levels of quantization.

In Figure 4, we compare the performance of the models
presented in Section II. The idealized IRS model assumes an
infinite phase shift resolution and unitary amplitude response,
while the discrete model assumes quantized phase shifts and
fluctuations in the amplitude response. In addition, we also plot
the practical case considering the varactor-based (physical)
model, where the phase is based on Figure 3. For both the
discrete and the varactor models, the phase shifts are quantized
according to the minimum distance criterion on the set F

24
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—8— Varactor model
—6— Discrete Phases 1]

Achievable rate (bits/s/Hz)

0 5 10 15 20 25 30

E, /Ny
Fig. 4. Spectral efficiency by considering the effect of the practical hardware
model and discrete phase shift.
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Fig. 5. Spectral efficiency by considering blockage effect in the IRS reflecting
units, practical hardware model and discrete phase shift.

constructed as shown in Section II-B. As we can see in Figure
4, the varactor model has a performance gap of approximately
5 dB when compared to the idealized IRS model, while the
discrete phase shift model presents the worse results.

Figure 5 complements the result in Figure 4, analyzing the
impact of blockages affecting IRS units in terms of spectral
efficiency. In this experiment, we assume that Pg = 50%,
i.e., half of the IRS units are unavailable due to blockages.
We observe that the idealized case outperforms the varactor-
based model also when IRS units are blocked, which is an
expected result. In Figures 4 and 5, we can see that the
varactor model overcomes the discrete phase model, because
in the first one the amplitude responses are limited to the
interval 0.5774 < ax < 0.9991 (according to Figure 3), while
in the discrete model the amplitude responses are uniformly
distributed within the interval 0 < a; < 1 and are not
physically coupled to the phase shift responses. Therefore, we
can note that the discrete phase shift model is pessimistic in
capturing more aggressive amplitude fluctuations, indicating a
high power dissipation compared to the varactor model and
reducing its spectral efficiency. These result corroborate the
importance of considering a physical hardware-based model
for the IRS, such as the one based on varactor circuits, since
it provides a more concrete and realistic view of the practical
implementation of an IRS-assisted communication system.

In Figure 6, we evaluate the impact of the varactor model
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Fig. 7. SER performance of the idealized and varactor model approaches.

on the channel estimation performance. We plot the NMSE
curves for different resistance values. It becomes evident
that increasing the resistance of the varactor model leads to
an increasing absorption (or energy dissipation), limiting the
channel estimation performance. By comparing the result that
assumes Ry = 2.5 ) with the one assuming Ry = 1 ), we
note a performance degradation of approximately 7 dB, show-
ing that the varactor model is more efficient when it operates
under low resistance values. In order to reduce the resistance
values, manufacturers usually employ an epitaxial structure in
their design, choosing Ry, according to the breakdown voltage
function of the used diode [16]. It is important to mention
that the degradation in the channel estimation performance
can always be observed when varactor models are considered,
since Ry = 0 is unfeasible. Indeed, some power dissipation at
the P-N junction always exist.

In Figure 7, we evaluate the symbol error rate (SER)
performance assuming BPSK data symbols. The IRS phase
shifts are optimized from the estimated cascaded channel. We
compare the idealized IRS model and the practical varactor-
based model by assuming IRS units operating with and without
blockages. We can observe that the idealized model and the
varactor model showed a very close SER performance. How-
ever, in the presence of blockages, a performance degradation
is observed as the Fj /Ny increases. This suggests that at high
Ey /Ny regime, symbol detection becomes more sensitive to
the presence of blockage impairments.

V. CONCLUSION

We have studied the impact of IRS non-idealities and chan-
nel estimation errors on the IRS-assisted SISO communication
performance. For this purpose, we developed a signal model
that unifies different kinds of realistic impairments on the IRS
design, such as physical coupling between amplitudes and
phases in the varactor hardware model, discrete phase shift
resolution and the unavailable of some IRS reflecting units due
to any kind of inevitable blockages. Simulation results have
shown that, compared with the idealized IRS model without
amplitude, phase and blockage impairments, hardware non-
idealities degrade the system performance and should be taken
into account when evaluating practical systems. Perspectives
include the expansion of this analysis to the MIMO scenario.
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