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Abstract—Intelligent reflecting surfaces (IRS) have emerged as
a promising technology of managing the radio signal propagation
by relying on a large number of low-cost passive reflecting
elements. In this letter, the optimal pilot power allocation
required for accurate channel estimation of IRS-assisted com-
munication systems is investigated. In contrast to conventional
channel estimators, where pilot signals are usually designed to be
constant-enveloped, we reconsider the pilot design to improve the
passive beamforming performance thus resulting in an improved
achievable rate. At first sight the result of our analysis appears
counter-intuitive, suggesting that at a given total power, more
power should be allocated to estimate low-gain channels, since the
channel phase impairments are more severe than those of high-
gain channels. Our simulation results show that when the number
of IRS elements is 4, the rate improvement of our proposed
channel estimation scheme over the conventional counterpart
may be as high as 25%.

Index Terms—Rate improvement, channel estimation errors,
intelligent reflecting surface.

I. INTRODUCTION

Intelligent reflecting surfaces (IRS) have recently attracted
substantial research interests as a benefit of achieving sig-
nificant cellular coverage, throughput and energy efficiency
improvements [1], [2]. Specifically, an IRS is composed of
a large number of reconfigurable passive reflecting metasur-
faces which are managed by a smart controller to facilitate
dynamic adjustments of the signal reflections for enhancing the
desired signal power and/or suppressing the interference [3],
[4]. In particular, compared to amplify-and-forward relaying,
to decode-and-forward relaying and to backscattering-aided
communications, a passive IRS reflects and relays signals in a
full-duplex manner without incurring self-interference, hence
dramatically reducing the energy consumption and hardware
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cost by employing cost-efficient passive reflecting components
only [5]–[8].

Despite the aforementioned appealing advantages, a pivotal
issue in the design of IRS-assisted communication systems is
how to tune the reflection elements based on the channel state
information (CSI) of all reflecting paths, so that the signals
reflected by the IRS can be coherently combined with those
arriving via other paths for enhancing the signal power at the
target receiver, whilst mitigating the co-channel interference
[9]–[11]. The design of passive IRS-aided beamforming has
been studied both under continuous and discrete phase shift
assumptions concerning the reflecting elements in the context
of diverse communication techniques [12]–[15].

Nevertheless, the early constitutions typically assumed hav-
ing perfect CSI knowledge for all the individual channels
between the IRS and the base station (BS) as well as users,
which is practically challenging to satisfy, since IRSs are only
capable of reflecting the signals but do not have sophisticated
channel estimation or other signal processing capability [16]–
[18]. On the other hand, IRSs usually consist of a large number
of reflecting elements, which potentially requires a heavy pilot
overhead for estimating time-varying channels [17], [19]. In
order to alleviate this problem, You et al. [20] divided the
IRS elements into several groups, where only the effective
channel of the individual group has to be estimated. Natu-
rally, this simplification results in degraded passive IRS-aided
beamforming performance, because the reflection coefficients
in each group have to be of identical setting based on the
limited CSI feedback. Furthermore, Chen et al. [21] modelled
the channel estimation problem as a sparse matrix recovery
problem, which also significantly reduces the number of pilot
symbols required.

However, none of the aforementioned channel estimators
considered the effect of channel estimation errors on passive
beamforming performance. Furthermore, the pilot signals are
usually designed to be constant-enveloped. Against this back-
ground, we investigate the optimal power allocation for IRS-
assisted channel estimation. More explicitly, the contributions
of this letter are as follows:
• Firstly, we study the effect of the channel estimation er-

rors on the IRS-aided passive beamforming performance
and model the relationship between the pilot power and
the achievable rate.

• Secondly, by solving the maximum rate problem, we
obtain the optimal pilot design scheme, which some-
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Fig. 1. An IRS-aided point-to-point communication system.

what surprisingly requires us to allocate more power
for estimating the low-quality channels. The numerical
simulations confirm our analysis.

II. SYSTEM MODEL

Let us consider the IRS-assisted narrowband TDD system
of Fig. 1, where an IRS having M passive reflecting elements
is deployed to assist the transmission of a single-antenna BS
to a single-antenna user. Each element of the IRS reflects the
signal using an individual reflection coefficient, which can be
dynamically adjusted by the IRS controller to have the desired
signal reflection. Specifically, let α = [α1, α2, · · · , αM ]

T

denote the IRS reflection coefficient vector, where αm ∈ C
denotes the reflection coefficient of the m-th IRS reflective
element satisfying |αm| = 1,∀m = 1, 2, · · · ,M , while the
phase of each αm can be flexibly adjusted in [0, 2π). Let hd
denote the direct channel spanning from the BS to the user.
Furthermore, let hBI and hTUI denote the channels spanning
from the BS to the IRS and from the IRS to the user, respec-
tively. Moreover, hd, hBI and hUI are assumed to obey the
independent and identically distributed (i.i.d.) Rayleigh fading
channel model, i.e., hd ∼ CN (0, βd), hBI ∼ CN (0, βBIIM )
and hUI ∼ CN (0, βUIIM ), where βd, βBI and βUI denote
the path loss of hd, hBI and hUI , respectively.

Given the reflective action of the IRS, the received signal ri
of the BS at the i-th time instant, is the superposition of the
signals from the direct communication link and the reflected
links via the IRS, which can be expressed as:

ri =
(
hd + hTUIdiag {α}hBI

)
si + ni

=
(
hd + αThr

)
si + ni,

(1)

where si denotes the transmit signal and ni ∼ CN
(
0, σ2

)
is the additive white Gaussian noise (AWGN) at the i-th
time instant. Furthermore, hr = hBI � hUI is the cascaded
reflecting channel via the IRS, where � denotes the Hadamard
product.

III. ACHIEVABLE RATE IN THE FACE OF CHANNEL
ESTIMATION ERRORS

In this section, we consider the achievable rate of IRS-
assisted communication systems in the presence of channel

estimation errors. For the sake of illustration, we assume that
a total of (1 +M) pilots are used for estimating (1 +M)
channel coefficients, including a direct and M cascaded IRS
reflecting channel coefficients. Assuming that the pilot symbol
at the m-th time slot (TS) is pm, we have:

p = [p0, p1, · · · , pM ]
T
. (2)

The simplest ‘on-off’ strategy of [22] is applied, i.e. at the
m-th TS, we only activate the m-th IRS reflection unit and
disable the other reflection units. Specially, at the 0-th TS, all
the reflection units are disabled. Since the direct channel is
always present, we subtract the influence of the direct channel
from rm,m = 1, 2, · · · ,M . Upon collecting the (1 +M)
residual signals into a vector u, we have

u = Ph + z, (3)

where P = diag {p} denotes the diagonal pilot matrix having
p on its main diagonal, h =

[
hd,h

T
r

]T
represents all the

channel coefficients. For the m-th element in u and z, we
have um = rm − pmp

∗
0

|p0|2
r0 and zm = nm − pmp

∗
0

|p0|2
n0 obeying

zm ∼ CN
(
0, σ2

m

)
, where σ2

m = σ2
(

1 + |pm|2

|p0|2

)
. Specially,

we have u0 = r0, z0 = n0 and σ2
0 = σ2for the direct channel.

Following (3), the least square (LS) channel estimator can
be formulated as

ĥ = P−1u = h + ∆h, (4)

where ∆h = P−1z is the Gaussian-distributed chan-
nel estimation error, i.e. ∆h ∼ CN (0,Λ), where Λ =

diag
(
σ2
0/|p0|

2
, σ2

1/|p1|
2
, · · · , σ2

M/|pM |
2
)

.
In the conventional channel estimation strategy, the pilot

signals are usually designed to have a constant envelope
relying on equal pilot power allocation, which results in the
same degree of channel estimation error for all paths. Since a
low-gain channel is more sensitive to the channel estimation
error, the identical power allocation strategy is expected to
impose a passive beamforming performance degradation. More
specifically, instead of considering the channel estimation only,
we directly evaluate the channel estimation performance in
terms of the achievable rate of our IRS-assisted system. The
achievable rate of IRS-assisted communication systems can be
expressed as:

R = log2

{
1 + ρ

∣∣hd + αThr
∣∣2} , (5)

where ρ = P/σ2 is the signal-to-noise ratio and P is the
average transmit signal power.

Using the estimated channel coefficients, the optimal IRS
reflecting coefficients satisfying (5) are given by [3]

αm =
ĥdĥ

∗
r,m∣∣∣ĥdĥ∗r,m∣∣∣ , ∀m = 1, 2, · · · ,M, (6)

where ĥd and ĥr,m denote the estimated direct channel co-
efficient and the estimated m-th cascaded reflecting channel
coefficient of the IRS, respectively.

Upon substituting (6) into (5), the expression of R is formu-
lated in (7), where (a) holds since the channel estimation error
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R = log2

1 + ρ

∣∣∣∣∣∣hd +

M∑
m=1

ĥdĥ
∗
r,m∣∣∣ĥdĥ∗r,m∣∣∣hr,m

∣∣∣∣∣∣
2


(a)
' log2

1 + ρ

∣∣∣∣∣hd +

M∑
m=1

(hd + ∆hd) (hr,m + ∆hr,m)
∗∣∣hdh∗r,m∣∣ hr,m

∣∣∣∣∣
2


(b)
' log2

1 + ρ

∣∣∣∣∣h+

M∑
m=1

hr,mh
∗
r,m∆hd + hdhr,m∆h∗r,m∣∣hdh∗r,m∣∣

∣∣∣∣∣
2
 ,

(7)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Low SNR : E {R} = E

log2

1 + ρ

∣∣∣∣∣h+

M∑
m=1

hr,mh
∗
r,m∆hd + hdhr,m∆h∗r,m∣∣hdh∗r,m∣∣

∣∣∣∣∣
2



(c)
' 1

ln 2

1 + ρE


∣∣∣∣∣h+

M∑
m=1

hr,mh
∗
r,m∆hd + hdhr,m∆h∗r,m∣∣hdh∗r,m∣∣

∣∣∣∣∣
2



(d)
=

1

ln 2

1 + ρE

|h|2 +

∣∣∣∣∣
M∑
m=1

hr,mh
∗
r,m∆hd + hdhr,m∆h∗r,m∣∣hdh∗r,m∣∣

∣∣∣∣∣
2



(e)
=

1

ln 2

1 + ρE
{
|h|2
}

+ ρME


∣∣∣∣∣hr,mh∗r,m∆hd∣∣hdh∗r,m∣∣

∣∣∣∣∣
2
+ ρME


∣∣∣∣∣hdhr,m∆h∗r,m∣∣hdh∗r,m∣∣

∣∣∣∣∣
2



=
1

ln 2

{
1 + ρE

{
|h|2
}

+ ρME

{
|hr,m|2

|hd|2
|∆hd|2

}
+ ρME

{
|∆hr,m|2

}}

(f)
=

1

ln 2

1 + ρ

{
βd +Mβr +

Mπ3/2

4

√
βdβr +

M (M − 1)π2

16
βr

}
+ ρM

βr
βd

σ2

|p0|2
+ ρM

σ2
(

1 + |p|2

|p0|2

)
|p|2


=

1

ln 2

{
1 + ρ

{
βd +Mβr +

Mπ3/2

4

√
βdβr +

M (M − 1)π2

16
βr

}
+
ρMσ2

βd

{
βr + βd

|p0|2
+

βd

|p|2

}}
,

(8)

High SNR : E {R} ' log2

{
ρ

{
βd +Mβr +

Mπ3/2

4

√
βdβr +

M (M − 1)π2

16
βr

}
+
ρMσ2

βd

(
βr + βd

|p0|2
+

βd

|p|2

)}
, (9)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

is generally small, while (b) holds since we omit the second-
order term of the channel estimation error. Furthermore, ∆hd
and ∆hr,m denote the channel estimation error related to the
direct channel and to the m-th cascaded reflecting channel sat-
isfying ∆hd ∼ CN

(
0,

σ2
0

|p0|2

)
and ∆hr,m ∼ CN

(
0,

σ2
m

|pm|2

)
,

respectively, while h = hd +
∑M
m=1

hdh
∗
r,m

|hdh∗
r,m|

hr,m represents
the uncontaminated channel gain in the absence of channel
estimation errors.

In order to determine the influence of channel estimation er-
rors on the achievable rate, the ergodic capacity of IRS-assisted
communication systems is formulated at low SNR as in (8),
where (c) is the equivalent form of the logarithmic function
at low SNR [23], (d) and (e) hold since the mean of the cross
terms in the first and second equation of (8) is 0; (f) holds
since hd, hr,m, ∆hd, and ∆hr,m are independent of each other,
remembering that we have σ2

m = σ2
(

1 + |pm|2

|p0|2

)
. In (f), an

identical power is allocated for all pilots used for estimating
the IRS channels, i.e., |p|2 = |p1|2 = |p2|2 = · · · = |pM |2,
since they experience the same path loss having identical
second-order statistics. The proof of the equivalent expression
of E

{
|h|2
}

in (f) is shown in Appendix A. Following the
same philosophy, the approximate ergodic capacity at high
SNR is shown in (9).

Remark 1: Here, we only consider a single IRS scenario,
where the same power is assigned to all the pilots for estimat-
ing the IRS’s reflected channels. When a more sophisticated
distributed IRS system is considered, the assumption in (8)
and (9) should be generalized to the case, where the same
power is assigned to the pilots used for estimating the channels
reflected by the same IRS. By contrast, different power should
be assigned to the pilots employed for estimating the channels
reflected by different IRSs.

Since the ergodic rate E {R} in (8) and (9) has a direct
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(a) Identical power allocation (b) Optimal power allocation

Real hd

Real hr

Estimated hd

Estimated hr

Noise ring for hd

Noise ring for hr

i
o

d
h

ˆ
d
h ˆ

d
h

d
hˆ

r
h

r
h

ˆ
r
h

r
h

Fig. 2. The phase of the estimated IRS reflecting coefficient under two
different pilot power allocation schemes. It shows that estimating a more
accurate weak channel helps to obtain a more accurate reflecting coefficient.

relationship with the pilot power used for channel estimation,
we aim for finding an optimal pilot power allocation scheme
for maximizing E {R} of (8) and (9) under a total power
constraint, which is formulated as:

max E {R}

subject to |p0|2 +M |p|2 = Pt,

(10)

where Pt is the total power available at the transmitter.

IV. THE OPTIMAL PILOT DESIGN SCHEME

In this section, we conceive our optimal pilot design scheme
for channel estimation for maximizing the ergodic achievable
rate. Note that E {R} has the same optimization metric at low
SNR and high SNR. More specifically, the problem in (10)
can be simplified to

max βr+βd

|p0|2
+ βd

|p|2

subject to |p0|2 +M |p|2 = Pt,

(11)

where the constant term in E {R} of (8) has been omitted. The
pilot power allocation problem in (11) then leads to:

|p|2 =
1

M +
√
M (1 + η)

Pt, (12)

and

|p0|2 =

√
M (1 + η)

M +
√
M (1 + η)

Pt, (13)

where we have η = βr

βd
, indicating that the optimal power

allocation scheme depends on the quotient of the pass loss of
the reflecting channel and the direct channel, which is available
at the BS for controlling the link margin.

It is observed from (12) and (13) that the power |p|2
of the pilot allocated for estimating the reflected channels
decreases with η, while the opposite is true for |p0|2. This
indicates that when the path loss of the reflected channel or the
direct channel is high, we should allocate more power to the
pilots used for estimating these severely attenuated channels

d

d0=50m

dv=5m

BS

User

IRS

Fig. 3. Simulation scenario 1: a single user is stationary on a line parallel to
the IRS-BS line.
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Fig. 4. Rate comparison in the face of channel estimation errors under
simulation scenario 1, where ‘CE OPA’ represents the proposed optimal
power allocation scheme, while ‘CE IPA’ represents the conventional identical
power allocation scheme.

more accurately for attaining improved passive beamform-
ing performance. On the other hand, for the pilot used for

estimating the reflective path, we have M+
√
M(1+η)

M+1 → 1
with the increase of M , which implies that the proposed
power allocation scheme is equivalent to the identical power
allocation scheme, when M is large. Although this means
that the rate improvement becomes limited for large M , our
algorithm does have a significant performance improvement
under low to moderate number of IRS elements. Nonetheless
there are many beneficial application scenarios, such as indoor
environments [24].

A simple schematic diagram is portrayed in Fig. 2 for better
understanding (12) and (13). For the sake of simplicity, we
assume having a single IRS reflecting element, i.e. M = 1.
More explicitly, we assume βd > βr, and denote the phase of
the reflecting coefficient α by ω. By comparing Fig. 2 (a) and
(b), it can be readily seen that the optimized power allocation
scheme makes the estimated ωo more similar to the real ω by
estimating a more accurate hr, since the phase dispersion is
more severe for a low-gain channel.

V. SIMULATION RESULTS

In this section, we provide numerical simulation results for
verifying the benefits of our proposed pilot power allocation
scheme for channel estimation in IRS-assisted communication
systems. The path loss functions of hd, hUI and hBI are mod-
eled by βd = β0 (d

UB
/d0)

−αUB , βUI = β0 (d
UI
/d0)

−αUI and
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Fig. 6. Simulation scenario 2: a single user is positioned on a semicircle near
the IRS.

βBI = β0 (d
BI
/d0)

−αBI , respectively, where d0 = 1 meter
(m) denotes the reference distance, β0 = −20 dB represents
the path loss at the reference distance, dUB , dUI , and dBI
denote the distance between the user and BS, between the
user and the IRS, as well as between the IRS and the BS,
respectively, while αUB , αUI and αBI denote the path loss
factors for hd, hUI and hBI , respectively. Due to the relatively
long distance and random scattering effect between the BS and
the user, we set αUB = 4.8, αUI = 2.1, and αBI = 2 in the
numerical examples, which is in line with [3], [25]. Moreover,
the average transmit power of users is P = 20dBm, while the
power of the noise is assumed to be σ2 = −60dBm. The total
power available at the transmitter is Pt = P (M + 1).

Since the authors of [3], [25] have reported the rate-benefits
of users near the IRS, we first consider a single-user system,
as shown in Fig. 3. The vertical distance between the user
and IRS-BS line is dv = 5m, while the distance between
the BS and IRS is set to dBI = 50 m. Let us denote the
horizontal distance between the BS and the user by d m. Then

we have dUB =
√
d2 + 25 and dUI =

√
(50− d)

2
+ 25. In

Fig. 4, we compare the achievable rate of our proposed optimal
power allocation scheme and of the conventional identical
power allocation scheme, where the legend ‘CE OPA’ and
‘CE IPA’ represent the achievable rate of the optimal and
of the identical pilot power allocation scheme, respectively,
while the legend ‘ideal rate’ represents the achievable rate
without channel estimation errors. Observed from Fig. 4 that as
expected, a user near the IRS achieves a higher rate than users
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Fig. 7. Rate comparison with channel estimation errors under simulation
scenario 2, where ‘CE OPA’ represents the proposed optimal power allocation
scheme, while ‘CE IPA’ represents the conventional identical power allocation
scheme.

located far away from both the BS and the IRS. Naturally, in
case of realistic channel estimation errors, the rate attained
is degraded. However, our proposed pilot power allocation
scheme mitigates this degradation by allocating more power
to the weaker channel. When the number of IRS elements is
M = 4 at d = 50 m, the proposed pilot power allocation
scheme improves the achievable rate as high as 25%, from
about 0.6 recorded for the conventional pilot power allocation
scheme to about 0.75.

To get some insight into the proposed power allocation
scheme, Fig. 5 shows the power of pilot used for estimating
the reflected channels versus the number of IRS elements M ,
where the average pilot power is 10 dBm. It can be seen from
Fig. 5 that with the increase of M , the power of pilot used
for estimating the reflected channels becomes closer to the
average power, which is consistent with our analysis. On the
other hand, Fig. 5 also demonstrates that as the user moves
towards the IRS, the proposed power allocation scheme and
the conventional scheme will behave more differently, which
further confirms the conclusion in Fig. 4.

Next, we consider the scenario shown in Fig. 6 to verify
the performance improvement versus user directions [3]. Since
we have seen in Fig. 4 that the user has a good performance
improvement near the IRS, the user is positioned on a circle
having a radius of dUI = 5 m. The distance between the
IRS and BS is set to dBI = 50 m. Let θ denote the angle
between the user-IRS and BS-IRS lines, then we have dUB =√

(50− 5 cos θ)
2

+ 25 sin2 θ. Furthermore, the number of IRS
elements is set to M = 4. The simulation results are shown
in Fig. 7, where the legends have the same meaning as in Fig.
4. It can be seen from Fig. 7 that the proposed pilot power
allocation scheme provides a substantial rate improvement
over the identical pilot power allocation scheme.

VI. CONCLUSIONS

In this letter, we studied the effect of channel estimation on
the passive beamforming performance of IRS-assisted commu-
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nication systems. The optimal pilot design scheme is found by
establishing the relationship between the pilot power and the
achievable rate of IRS-assisted communication systems. By
allocating higher pilot power to the weaker channels, the IRS’s
passive beamforming performance is improved compared to
that of the conventional identical power allocation scheme,
thus improving the achievable rate, especially for the scenario
with a small to moderate number of IRS elements, such as
indoor environments. In this compact letter, we only ana-
lyzed the IRS-aided SISO system. In multi-user/distributed-
IRS aided communication scenarios, the power allocation
between multiple users and IRSs requires further research for
exploiting the full advantage of the IRSs.

APPENDIX A
PROOF OF (f) IN (8)

Remembering that hd, hBI,m hUI,m are Gaussian-
distributed and independent of each other, we have

E {|hr,m|} = E {|hBI,m|} E {|hUI,m|}

=
π

4

√
βBIβUI =

π

4

√
βr,

(14)

and

E
{
|hr,m|2

}
= E

{
|hBI,m|2

}
E
{
|hUI,m|2

}
= βBIβUI = βr.

(15)

Hence, the expression of E
{
|h|2
}

can be expanded as

E
{
|h|2
}

= E


∣∣∣∣∣hd +

M∑
m=1

hdh
∗
r,m∣∣hdh∗r,m∣∣hr,m

∣∣∣∣∣
2


= E


(
|hd|+

M∑
m=1

|hr,m|

)2


= E
{
|hd|2

}
+ E

{
M∑
m=1

|hr,m|2
}

+ E

{
2 |hd| ·

M∑
m=1

|hr,m|

}

+ E


M∑

m1=1

M∑
m2=1,m2 6=m1

|hr,m1
| · |hr,m2

|


= βd +Mβr +

Mπ3/2

4

√
βdβr +

M (M − 1)π2

16
βr,

(16)

where E {|a|} =
√
π
2 σa and E

{
|a|2
}

= σ2
a for a complex

Gaussian random variable a ∼ CN
(
0, σ2

a

)
.
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