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Abstract—The codebook-based scheme for intelligent reflecting
surfaces (IRSs) decouples the training and control signaling
overheads from the number of IRS elements by selecting the IRS
reflection pattern from a pre-specified codebook. We analyze the
performance of a training scheme that exploits a novel trade-
off between the powers allocated for selection pilots, which are
used to select the reflection pattern, and the demodulation pilot,
which is used for estimating the channel for demodulation. We
develop a selection-aware linear minimum mean-square error
estimator of the effective channel gain of the selected reflection
pattern. When the direct link is blocked, we derive an elegant
closed-form expression for the beamforming gain. When the
direct link is present, which requires a different analysis, we
derive a novel upper bound and insightful asymptotic expressions
for the beamforming gain. We then present a novel expression
for the achievable rate that accounts for the impact of noisy
channel estimates on both selection of the reflection pattern and
demodulation of data. We optimize the pilot and data powers
and the codebook size. Qur approach yields a significantly better
rate than conventional schemes, and establishes the advantages
of allocating substantially different powers to the selection and
demodulation pilots and data.

Index Terms—IRS, Codebook-based training, Selection, Pilots,
Channel estimation, Power allocation, Rate.

I. INTRODUCTION

An intelligent reflecting surface (IRS) is made up of a
large number of low-cost passive elements. Each of the re-
flective elements can induce a programmable phase-shift to
the incident electromagnetic signal, which enables the system
designer to program the radio propagation environment. For
example, in passive beamforming, the phase-shifts of these
passive elements can be configured to form a beam in the
desired direction without requiring a radio frequency chain
with a power amplifier [2]. IRS improves energy-efficiency
compared to the conventional relay and massive multiple-
input multiple-output (MIMO) systems. It improves coverage
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in areas where the direct link between the access point (AP)
and the user is blocked. Further, it can tackle both large-
scale fading and small-scale fading effects. This makes IRS
an appealing candidate technology for 6G.

Configuring the reflection coefficient at each IRS element,
which depends on the channel gains, is crucial to realize
the above benefits. However, a passive IRS with no signal
processing capabilities cannot estimate these channel gains
and, thereafter, configure the IRS. Hence, cascaded channel
estimation plays a crucial role in an IRS-aided system and
has recently spurred a lot of research [3]-[6]. Three different
ways of configuring IRS reflection coefficients have been con-
sidered in the literature, namely, instantaneous channel state
information (CSI) based, statistical-CSI-based, and codebook-
based. We summarize and contrast them below.

a) Instantaneous-CSI-Based Schemes: In the classical on-
off scheme, only one element is configured to be in the
reflection mode when a pilot is transmitted [3], [4]. Instead,
in the discrete Fourier transform (DFT)-based scheme, all the
IRS elements are configured to be in the reflection mode and
different columns of the DFT matrix are used as reflection pat-
terns for different pilot transmissions [5]. Thus, in estimation-
based schemes, each of the M cascaded channel gains is
estimated, where M is the number of IRS elements. Based on
these estimates, the AP determines the reflection pattern and
communicates it to the IRS via a control link. This requires
a pilot overhead of O(M) and a control overhead of O(M).
Thus, these schemes entail large pilot and control overheads.

Extensions and variations of these schemes have been
studied in [4], [5], [7]-[9]. IRS element grouping is proposed
in [6] to reduce the pilot overhead. The sparsity of the AP-
IRS channel in the spatial domain is exploited in [10]-[12] to
reduce the pilot overhead. Machine-learning-based approaches
are instead pursued in [13]-[16]. Pairwise error probability
and asymptotic average bit error probability expressions are
derived in [17] for an IRS-assisted space-shift keying system
with channel estimation errors.

b) Statistical-CSI-Based Schemes: 1In statistics-based
schemes, the IRS configuration is based on channel statistics
such as covariance [18]-[20]. It is not a function of the
instantaneous cascaded channel gains. Since the channel
statistics vary slowly, the training overhead, when amortized
over time, is lower. However, the beamforming gain is also
lower.

¢) Codebook-Based Schemes: In codebook-based schemes,
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one of the reflection patterns that optimizes a selection metric
is selected from a pre-designed codebook with K < M
reflection patterns and is configured at the IRS during data
transmission [21]-[26]. The codebook-based scheme is prac-
tically appealing due to its lower pilot and signaling overheads.
It needs K pilots to select the reflection pattern and only
[log, (K)] bits, where [.] denotes the ceiling function, to send
the reflection pattern index to the IRS. This is much lower than
that of the instantaneous-CSI-based schemes and enables the
system designer to control the overhead. We, therefore, focus
on these codebook-based schemes and explore the trade-off
between the training overhead and the beamforming gain, and
its implications on the data rate.

A two-phase protocol for the codebook-based scheme is
studied in [21], [22]. In the first phase, for each codebook
vector, the user transmits pilots in the uplink to enable the AP
to select the codebook vector that yields the largest signal-to-
noise ratio (SNR). In the second phase, assuming reciprocity,
the IRS configures the selected reflection pattern and the AP
transmits downlink data. For this protocol, [22] derived the
beamforming gain for a random codebook, assuming perfect
channel state information and no direct link. Reference [21]
derived an upper bound on the beamforming gain for the
random and equi-partition codebooks considering imperfect
CSI and a direct link. A codebook that incorporates user
position information is considered in [23], but the achievable
rate is studied only through simulations. For the DFT matrix-
based codebook, a deep learning model is developed to select
the codebook vector that maximizes the achievable rate in [13].
Codebook-based schemes for surfaces that can reflect and
refract simultaneously are studied in [25], [26].

A. Focus and Contributions

We present a comprehensive analysis of a codebook-based
IRS-assisted communication system in the presence of noisy
channel estimates, which are inevitable in practice due to finite
pilot powers. They affect the codebook-based scheme in two
ways. First, they can cause a sub-optimal reflection pattern
to be selected. Second, this sub-optimal pattern together with
the noisy estimate of the effective channel affect demodulation
and lower the data rate. Table I compares our work with the
literature on codebook-based schemes. As shown in the table,
the impact of noisy channel estimates on demodulation has
not been studied in the literature even though it is a general
problem in codebook-based IRS systems.

We make the following contributions. First, we propose a
training scheme that separates the tasks of selection of the
reflection pattern and demodulation. In it, the AP first sends
K selection pilots to the user, one for each codeword available
in the codebook. Therefore, the minimum number of selection
pilots required is K. The user selects the reflection pattern with
the highest received signal strength and feeds back its index to
the AP. The AP subsequently forwards it to the IRS. The AP
then sends a demodulation pilot to enable the user to obtain
a better estimate of the effective channel gain to demodulate
the data symbols that follow. One advantage of this scheme
is that more power can be allocated to just the demodulation

pilot to obtain an accurate estimate of the effective channel
gain required for coherent demodulation. In the absence of this
demodulation pilot, the AP would need to allocate sufficiently
high power to each of the selection pilots as it does not a
priori know which codeword will be selected.

Second, our training scheme does not require channel reci-
procity because the AP transmits all the pilots and the UE
only feeds back the index of the selected codeword. Thus,
our scheme applies to both time-division duplex (TDD) and
frequency-division duplex (FDD) systems. This is unlike [21]-
[23], where UE transmits pilots in uplink and AP selects
the codeword to transmit data in downlink. This requires
reciprocity and works only for TDD. Third, our analysis
tackles noisy estimates and the correlation among the signals
received from different reflection patterns due to the presence
of the common direct link. This correlation makes the analysis
considerably more involved.

Lastly, for a given total pilot plus data power budget,
we show that a novel trade-off exists between the powers
allocated to the selection pilot, the demodulation pilot, and
the data symbols. Allocating more power to the selection
pilots improves the odds that the optimal reflection pattern
is selected. However, it reduces the power available for the
demodulation pilot and the data, which can lower the data rate.
Allocating more power to the demodulation pilot improves
the accuracy of the channel estimate used for demodulation.
However, this again reduces the power available for data and
can lower the data rate. Exploiting this trade-off and allocating
optimal powers to the pilots and the data symbols improves the
rate compared to the conventional approaches. To the best of
our knowledge, none of the works on codebook-based schemes
have optimized the allocation of powers between the pilot(s)
and the data [25], [27]-[29].

For the proposed training scheme, we make the following
contributions:

o Beamforming Gain Analysis with Imperfect CSI: When

the direct link is blocked, we derive closed-form ex-
pressions for the probability density function (PDF) of
the channel gain of the selected reflection pattern and
the beamforming gain of the IRS. The significance and
novelty of this analysis lies in its accounting for the
impact of imperfect CSI on the selection of the reflection
pattern as well as coherent demodulation. The analysis
applies to the general class of orthogonal codebooks,
which includes the DFT and Hadamard matrix-based
codebooks [13].
When the direct link is present, we derive a novel upper
bound on the beamforming gain. This is different from the
bound derived in [21], which becomes unacceptably loose
as the number of IRS elements increases and applies only
to random codebooks. Our analysis handles imperfect
CSI and the correlation due to presence of the direct
link. It develops an alternate virtual selection criterion
for the reflection pattern and employs novel arguments
to show that its beamforming gain upper bounds that of
the proposed scheme.

e Rate Analysis and Optimal Power Allocation with Im-
perfect CSI: We first derive a novel selection-aware
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TABLE 1
COMPARISON WITH LITERATURE ON CODEBOOK-BASED SCHEMES

Reference Impact of noise Impact of noise Pilot and data Analysis with Duplexing
on selection on demodulation powers estimation errors

[13] No No Not optimized No TDD

[21] Yes No Not optimized Loose bounds TDD

[22] Yes No Not optimized No TDD

[23] Yes No Not optimized No TDD

Our manuscript Yes Yes Optimized Yes (With and TDD/FDD
without direct link)
. .. . IRS controller
linear minimum mean-square error (LMMSE) estimator o % aloloE
of the effective channel gain. It exploits the fact that the *#g SR Igs
statistics of the effective channel gain of the selected o PoE
pattern differ from those of an arbitrary pattern. Using RS control link bm =T SILN L
this estimator, we derive an expression for the achievable B ‘:{{ N
rate that accounts for the training, feedback, and control \“:\
signaling overheads of the codebook-based scheme. We T~ " 77777777 hy 00T Y
then numerically determine the optimal selection and AP D User
demodulation pilot powers and data power that maximize
the achievable rate subject to a total power constraint. o o
. . . 1. Selection pilots 3. Demodulation pilot 5. Data

Only the asymptotic beamforming gain for a large num- - -
ber of IRS elements is analyzed in [22]. Furthermore, ) Pt Pe Pa Pa

this is done assuming perfect CSI, a random codebook,
and the absence of a direct link. While the direct link is
considered in [23], the achievable rate is evaluated only
through simulations.

e Novel Insights: For low and high SNR regimes, we
use recent results from extreme value theory to derive
insightful closed-form expressions of the beamforming
gain with and without the direct link. The expressions
bring out role of the number of reflection patterns, the
coherence interval, the number of IRS elements, and
the total power available at the AP. We show that the
beamforming gain increases linearly with the number of
IRS elements but logarithmically with the codebook size.

o Numerical Results: We study the trade-off between the
codebook size, which also affects the training overhead,
and the achievable rate. The proposed scheme achieves
a higher rate than the conventional codebook-based and
estimation-based schemes in regimes of practical interest.
This is due to its low training overhead and ability to
allocate significantly higher power to the demodulation
pilot than a selection pilot. These gains persist even when
the cascaded channel gains are correlated.

B. Outline and Notations

The system model and the proposed transmission scheme
are described in Section II. Section III formulates the opti-
mization problem and solves it when the direct link is blocked.
Section IV addresses the case where both direct and reflected
links are present. Numerical results are presented in Section V.
Our conclusions follow in Section VI.

Notation: We show scalar variables in normal, vector vari-
ables in lowercase bold, matrices in uppercase bold, and sets
in calligraphic fonts. We denote the probability of an event B
by Pr(B) and the probability of B conditioned on an event
A by Pr(B | A). For a complex number u, ®R{u}, S{u}, u*,

1 e K Ty T |K+1| 7¢ 1 e Td

2. Selected index 4. *Rate

Fig. 1. System model showing an IRS with M reflecting elements. Also
shown is the proposed training and data transmission scheme.

and |u| denote its real part, imaginary part, complex conjugate,
and absolute value, respectively. E[.] denotes expectation. The
expectation over a random variable (RV) X is denoted by
Ex[.] and the expectation over X conditioned on the RV YV
by Ex|y[]. The notation X ~ CN (g, C) means that X is a
complex normal random vector with mean g and covariance
C. We denote the M x M identity matrix by I, and the
transpose operation by (.)7. The indicator function is denoted
by 1,4y, which equals one if a is true and is zero otherwise.

II. SYSTEM MODEL AND PROPOSED TRANSMISSION
SCHEME

In the system model illustrated in Figure 1, the AP transmits
data to a user with the help of an IRS with M reflecting
elements. Let hy denote the direct channel gain between the
AP and the user. Let g,, denote the channel gain between
the AP and the m™ IRS element, and h,,, denote the channel
gain between the m™ IRS element and the user. Let g =
(91,925, gm]|" and h = [hy, ha, ... har]”

Channel Model: We consider a quasi-static, flat-fading
channel model. We assume a strong line-of-sight (LoS) path
between the AP and the IRS, which is practically justified
when the AP is placed on a rooftop and the IRS on the outside
of a wall. Hence, g is a deterministic LoS channel gain vec-
tor [7], [21]. The direct and IRS-user links undergo Rayleigh
fading. Therefore, hqy ~ CN(0,84) and h ~ CN (0, Br1),
where 3, and ) are the path-losses of the direct and IRS-
user links, respectively. The direct link channel gain hg4 is
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independent of h. Let 3, denote the path-loss of the AP-IRS
link.

Let ¢ = [¢1,P2,...,¢n]T denote the reflection pattern
for the IRS elements, where ¢,, = ei¥m is the reflection
coefficient and 6,, € [0,27] is the phase-shift of the m™
reflecting element. When the reflection pattern ¢ is configured
at the IRS, the signal y received at the user is given by [2]

M
Y= (hd+ Z hm¢mgm> T+n= (hd'i_er))l"’_na
m=1
(1)

where z is the transmitted signal, n ~ CN (0, 0?) is additive
white Gaussian noise (AWGN), and r = [r1,73,. .. ,rM]T =
[h191, hoga, ..., hargar)T is the cascaded reflected channel
gain vector.

Comments: The above model assumes that hy, ho, ..., hys
are independent and identically distributed (i.i.d.). This makes
the analysis tractable, and has also been assumed in [4], [21],
[30]. In Section V, we show the efficacy of our approach in
the presence of correlation between the cascaded channel gains
and imperfect CSI. We consider a single-antenna AP and user.
We note that a rigorous analysis and rate optimization that
considers the cumulative impact of channel estimation errors
on the beamforming gain and rate of codebook-based training
is not available in the literature even for the independent
channel gains model with a single antenna at the AP and the
user.

A. Proposed Training and Transmission Scheme

A codebook consisting of K < M orthogonal reflection
patterns ¢ (1), ¢(2),...,¢(K) is used for generating the re-
flection coefficients at the IRS. This model includes the DFT
and Hadamard codebooks considered in the literature [5]. The
training and transmission scheme consists of the following
phases:

1) Selection Phase: To enable the user to select the reflection
pattern that maximizes the rate, the AP sequentially
transmits K selection pilot symbols, each with power
Py . Note that the number of pilot symbols is equal to
the size of the codebook. The reflection pattern ¢(3) is
configured at the IRS when the i pilot is transmitted.
Without loss of generality, the pilot symbols are identical
and are given by p = 1. The signal y; received by the
user, for 1 < < K, is

Yi = V/ Peel (hd + rT¢(Z)) +n; = v Pselheq(i)+ni- 2
.ynx ~CN(0,0?) are i.i.d. AWGN, and
heq(i) = hq +r7 (i), 3)

is the effective AP-user channel gain. The user selects
the reflection pattern ¢(s) with the largest received signal
strength. Hence,

Here, n1,n9,..

s = argmaxeqy o g {|vil*} 4)

2) Feedback and Control Signaling Phase: The user feeds
back the selected index s to the AP. This incurs a

feedback overhead of [log, (K')] bits and requires a time
duration of 7;. The AP then sends s to the IRS via a
control link and the IRS configures ¢(s) as the reflection
pattern. This incurs a control overhead of [log, (K)]
bits and requires a time duration of 7.. We assume that
the feedback error probability is negligible. This can
be ensured by protecting the feedback bits using error
correcting codes. Furthermore, a pilot symbol can be
sent along with the feedback bits to enable the AP to
demodulate the fed back bits.

3) Estimation Phase: The AP sends a demodulation pilot
p = 1 with power P, to enable the user to accurately
estimate the effective channel gain heq(s) for coherent
demodulation. The signal y,. at the user is

Ye = \/Fcheq(s) + e, (5)

where n, ~ CN(0,0?%) is AWGN. Intuitively, heq(s) can
be accurately estimated by increasing the power of just
one demodulation pilot instead of the powers of all K
selection pilots.

4) Feedback of Rate: Based on its estimate of heq(s), the
user feeds back to the AP the data rate R with which it
can receive data. This requires a time duration of 7. We
derive the expression for R below.

5) Data Transmission Phase: The AP sends 74 downlink
data symbols to the user, each with power P;. The
symbols are encoded with rate R. The signal y4 received
at the user when the data symbol z is transmitted is given
by

ya = \/ Piheq(s)z + na, (6)

where ng ~ CN(0,02) is AWGN.

Next, we analyze the performance of the above protocol for
the scenarios without and with the direct link in Sections III
and IV, respectively. The analytical tools required and the
technical nature of the results turn out to be different for these
two scenarios.

IIT. ANALYSIS: WITHOUT DIRECT LINK

In this section, we consider the case where the direct link
between the AP and the user is blocked due to obstacles [2],
[25]. Hence, heq(i) = r7¢p(i). We first develop a reflection
pattern selection-aware LMMSE estimator for the effective
channel gain. Its novelty lies in exploiting the ordered-statistics
of the received signal strength of the selected codeword. Using
this, we derive a bound on the achievable rate. We then
determine the optimal pilot and data power allocation that
maximizes the rate.

A. Selection-Aware LMMSE Estimator for hey(s)

The LMMSE estimate iLeq(S) of the effective channel gain
heq(s) is given by [31, Ch. 12]!

heq(s) =ay. + b7 (7)

'The minimum mean-square error (MMSE) estimator is optimal in terms
of minimizing the MSE. However, it is intractable due to the order statistics
and the non-Gaussian random variables involved. We, therefore, employ the
tractable LMMSE estimator. Furthermore, the two observations y. and ys can
be used to obtain a more refined channel estimate of heq(s). However, this
approach yields only a marginal gain.
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where

_ Cov (e, heq(s))
T Var(y) ®

b= (1 - \/Ea) E [eq(s)] )

CoV (Ye, heq(s)) is the covariance of y. and heq(s), and
Var (y.) is the variance of y.. A key point to note
is that heq(s) does not follow the same statistics as
heq(1), heq(2), ..., heg(K) due to the selection of the IRS
reflection pattern based on (4). We derive its statistics below.
For this, we first state a useful lemma about the independence
of heq(1), heq(2), - - -, heq ().

Lemma /: The effective channel gains
heq(1), heq(2), ..., heg(K) are iid. complex normal RVs
with mean 0 and variance M B,/53},.

Proof: The proof is given in Appendix A. [ |

Let 8, = Mp,pBn denote the effective average channel
strength of the reflected link and o7 = P8, + 0 denote
the variance of signal y; received during the selection phase.
We now derive the PDF of heq(s) = e,s + jeis, where e,
and e;s; denote its real and imaginary parts, respectively, in
closed-form.

Theorem /: The PDF f. ., (z,z) of the complex RV
heq(s), where z, z € R, is given by

K 2 K-1 1 1
" 1=0 Ty + lo
—(l+ l)ay 5 9
X e + . (10
exp ((0_5 +102) B, (l‘ z ) (10)
Proof: The proof is given in Appendix B. ]

The symmetric form of the PDF in (10) implies E [heq(s)] =
0, which, in turn, yields b = 0. We can also show from (5)

_ 2 2
i b 7 o]/ (< o] )

_ VEE [hes)F]
P.E [|heg(s)?] + o

Ye- (1)

The PDF derived in Theorem 1 leads to the following
insightful closed-form expression for the beamforming gain
By = E [|heq(s)[?] of the codebook-based scheme.

Corollary /: The beamforming gain B, in the presence of
channel estimation errors is given by

Br (PeatBr [W(K + 1) + 7] + 02)
Pselﬁr + o2

where 1(.) is the digamma function [32, Ch. 6] and v ~ 0.577
is the Euler-Mascheroni constant [32, Ch. 6].
Proof: The proof is given in Appendix C. [ ]
The impact of Py and K on the beamforming gain is
brought out by the next corollary. Substituting this expression
in (11) yields the LMMSE estimator. The selection-unaware
estimator, which is based on unordered statistics, would be
heq(s) = VPeBrye/(P.Br +0?). It is different from the
selection-aware estimator.

B, =

; 12)

Corollary 2: B, is a concave, monotonically increasing
function of Py for K > 1 and is a concave, monotonically
increasing function of K for K > 1.

Proof: The proof is given in Appendix D. [ ]

Thus, increasing Py or K leads to a diminishing increase
in the beamforming gain. Since (K + 1) ~ log(K + 1) —
(1/(K +1)) and 8, = M S4B, it follows that B, increases
logarithmically with K and linearly with M.

B. Achievable Rate with Noisy Channel Estimates
The achievable rate R in the presence of channel estimation

errors is given by [33]?
Py |heq(s)

o2+ PdO'A
heq(s)

:

R="F |log, [ 1+ . (13)
T

. 2
where o2 @ = F [ heq(s) — heq(s)‘ } is the MSE of the
heq

estimate of heq(s) and Te = 74 + K + 1+ 275 + 7, is the
number of symbols in a coherence time interval. 7, accounts
for the pilot, feedback, and control signaling overheads. Using
the Jensen’s inequality, we get the following bound:

Td

Zlog, [ 1+ q(S)' ]

T 2+ P,
o + Fao} .,

Pdm{}

R< (14)

We shall see in Section V that the bound is tight even for
small M. This is because the multiple IRS elements reduce
the random fluctuations and lead to channel hardening [34].

From (11), E { heq(5)
P, (By)*

[E[ WEUM],

where E [|y.[?] = P.By + o? since heq(s) and n are
uncorrelated. Hence,

. 2

heq(s)’ ] =

d
From (5) and (11),

Byo?/ (P.Bg + 0?). Substituting Uich(s)
get

2
} can be written as

b9 | = (15)

P.(B,)?
P.B, + 0%’
the MSE simplifies to 02 =

e ( )
and (16) in (14), we

(16)

LA R
)

Td
R< —1lo 1+
ST g2< o2 [(Pd+Pc)Bg+U2

The rate is a function of the demodulation pilot power P,
and the data power P,. It is also an implicit function of the
selection pilot power Py since B, depends on it.

2The rate expression is applicable when E [heq(s) — fzeq(s)|ﬁeq(s)] =

0 [33]. This holds when heq(s) is a complex normal RV since ﬁeq(s) is an
LMMSE estimate of heq(s). We note that heq(s) is not a complex normal RV
even though heq(1), heq(2), . . . , heq () are complex normal RVs. Therefore,
the expression in (13) is an approximation, which makes the problem tractable
and leads to valuable insights about the impact of the system parameters on the
rate. For smaller K and at lower SNRs, this approximation can be numerically
shown to be accurate and the PDF of heq(s) approaches the complex normal
PDF in these regimes. These results are not shown to conserve space.
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C. Rate Maximization and Optimal Power Allocation

Our goal is to optimally allocate powers to the pilots and
data to maximize the achievable data rate. Given the tractable
upper bound in (17), we maximize it instead. Therefore, our
problem that optimizes Py, FP., and Py to maximize the upper
bound subject to the total power constraint can be written as:

Td Pch (Bg)2
—1 1 18
P, {Tc o8 ( ot ry B ) Y
st. KPe + P.+ 14Ps = Pr, (19)
Pe1 2 0,P. >0, P > 0. (20)

Here, (19) constrains the total power allowed at the AP for
transmitting the selection and demodulation pilots and the
data to be less than or equal to Pp. Solving the above
optimization problem allows us to exploit the trade-off be-
tween the pilot and data powers. Due to the monotonically
increasing nature of the logarithmic function, maximizing
the objective function in (18) is equivalent to maximizing
PyP.(By)?/ (0% [(Py + P.) By + 0?]).

No closed-form solution exists for the above optimization
problem since the objective is a non-linear function of the vari-
ables Py, P,., and P,. Therefore, we obtain the optimal powers
numerically. The above expression for the rate enables us to
equate the expression for the gradient to O and solve for the
optimal solution. We substitute Py = (Pr — K Py) — P.) /74
to obtain the objective function in terms of P. and Pij. We
denote it by 7(P,, Ps). It is equal to

(Pr — KPy — P.) P. (By)?
o2 [(PT — KPPy + (Td — 1)PC) Bg + TdO'Q(]Z'l)

77(Pc; P%el) =

Note that B, given in (12) is a function of Fi. Equating the
partial derivatives of 7(P., Py;) with respect to P, and Py
to zero and numerically solving the two equations simultane-
ously yields the critical points P} and Pg. We have found
numerically that while multiple critical points can exist, only
one of them satisfies the constraints in (20) and is the optimal

solution.

D. Asymptotic Results

We now study the asymptotic regimes of small and large
selection pilot powers to gain deeper insights about the de-
pendence of the beamforming gain on the system parameters.

1) When (Py/0?) — co: We can show that (12) simplifies

to
By = Br [p(K +1) +1].

This corresponds to a genie-aided (noise-free) selection

of the reflection {)attern. Thus, the upper bound on R

- PP (K +1)+9]
becomes Ti log, (1 + 0.2[(Pdipc)ﬁr[w(KJr])J’,A/]Jro-?] .

2) When (P,;/0?) — 0: We can show that (12) simplifies
to

(22)

By — B, (23)

This is equal to the average channel power gain obtained
by a random-phase configuration. In this case, the upper

2
bound on R becomes 7 log, (1 + %).

Since Y(K + 1)+~ > 1 for K > 2, it follows that
the beamforming gain and rate of the random phase-shift

scheme are less than those of the proposed scheme even
for small K.

IV. ANALYSIS: WITH DIRECT LINK

We now consider the case where both direct and reflected
links are present. Hence, heq(i) = hq + 17 ¢(i). The common
term hg in the expressions for heq(1),heq(2), ..., heq(K)
makes them correlated. This makes the analysis of the beam-
forming gain B, = E {|heq(s)\2}, the design of the selection-
aware estimator, and the rate analysis considerably more
challenging.

A. Exact Expression, Asymptotic Insights, and a Bound for B,

We first present an exact expression for the beamforming
gain with the direct link.

Theorem 2: The beamforming gain of the selected reflec-
tion pattern is given by

(e%e] 1 (e%e] x o] wiv _ w
e [ (L[
¢ 0 BrBao? 0 0o Jo
4 4P, —(z+Pev)
" (J;;) IO( &ivz> ey

— e\ k-1
X (1 — Q1 < 2P‘qelu, QPWIZ)) dzdvdu)] dx,
o o

Y Y

(24)

where Q1 (-,-) is the Marcum-Q function and I (-) is the
zeroth-order modified Bessel function of the first kind [35,
Ch. 5].
Proof: The proof is given in Appendix E. [ ]

To the best of our knowledge, the above integral cannot
be simplified further. It is more involved than the expression
in (12) due to the aforementioned correlated Rician RVs.
However, considerable insight can be gleaned from the high
and low SNR asymptotic regimes, and from a novel upper
bound that we derive below. The exact expression helps us
verify the accuracy of the asymptotic analysis and the tightness
of the upper bound.

Lemma 2: For (Py/0?) — oo and large K, we have

By — Zﬁw + Ba+ /7Bafr log(K) + Br log(K)

Br ( 167T25d >
— —lo log(K) ). (25)
e —5 g(K)
Proof: The proof is given in Appendix F. [ ]

Similar to (22), this corresponds to a genie-aided selection
of the reflection pattern. Its dominant term grows logarithmi-
cally with K and linearly with ;.

As (Pyi/0?) — 0, we can show that

A
Bg — Beff = 5d + Br-

Similar to (23), this is equal to the beamforming gain of a
random-phase configuration. This special case was derived in
[30].

(26)
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Upper Bound: To capture the dependence of B, on P,
which the above asymptotic analysis does not bring out, we
derive an upper bound that holds for small and large Py, i.e.,
when (Pe/0?) — 0 and (Pe/0?) — oo. To do that, we
introduce new ii.d. RVs z(1),2(2),...,2(K) ~ CN(0,S4)
that are independent of hy and r. Consider the following
virtual selection criterion that selects the reflection pattern
¢(u), where

2
w=argmaxic (1o sy | VPl (20) + 17 9(0)) + s

27)

We call this a virtual criterion since it replaces hg with

z(1),...,2z(K). It is only introduced for analysis. It is not

implemented in practice. As the following result shows, it

provides an insightful, tractable bound on the beamforming
gain of the proposed scheme.

Theorem 3: For small and large Py, the beamforming gain

E {|heq(u)|2] of the virtual selection criterion in (27) upper

bounds that the beamforming gain [E [|heq(s) |2} of the selected
reflection pattern.
Proof: The proof is given in Appendix G. ]
Notice that z(i) + rT¢(i) ~ CN(0,B84 + B,), Vi €
{1,2,...,K}. Using this fact and simplifying along lines
similar to Appendices B and C, we can show that

o ﬁeff (Helﬂeff WJ(K + 1) + ’Y] + 02)
B P’selﬂeff + o2 .

E [Jheq ()] (28)
Furthermore, from Theorem 3, E |heq($)|2 <E |heq(u)|2 .

The numerical results in Section V indicate that the above
bound holds for any P, even though we proved it only for
small and large values of Pi,. Furthermore, the bound is tight
in the sense that it becomes an equality when the direct link
weakens, i.e., 3 — 0. This is because the beamforming gain
expression in (28) simplifies to that in (12).

B. Achievable Rate and its Optimization

When the direct link is present, we apply the selection-aware
estimator in (11), except that we use the expression in (28) for
E [lheq(s) ).

Along lines similar to Section III-B, it follows that the upper
bound on the achievable rate in (17), which depends on By,
applies to this case also. Given the tractable form of the upper
bound in (28), we use it in (17) instead of the exact multi-
integral expression for Bg.

Substituting (28) for B, in (21), the corresponding objective
function 1(P., Py) is given by

(PT_KPsel_Pc)Pc
o? (Pselﬁd + U;)
% (Befff (Psel))2
(Pr — KPe1 + (14 — 1) P.) Bettef (Pee1)\
+ (PetBa + 05) T30

where f (Psel) = ]Dselﬁeff [¢(K + 1) + 7] + 0—2-
We see that the term S, in (21), which is derived for the
scenario in which the direct link is blocked, is replaced by

n(Pm Psel) =

(29)

B4 + B,. The optimal powers are determined by numerically
maximizing the above expression, subject to the constraints
in (19) and (20). This is done in a manner similar to that in
Section III-C. We do not repeat the steps here due to space
constraints.

V. NUMERICAL RESULTS AND DISCUSSIONS

We now present numerical results to quantify the impact of
power allocation and overheads on the achievable rate. Unless
mentioned otherwise, the number of IRS elements M is 128
and the coherence interval duration 7; is 400 symbols. The IRS
element width and height are equal to the carrier’s wavelength.
The path-loss model is as follows: 5, = Bo(dy/do) ™%, By =
Bo(dp/dp)~*", where dy = 1 m is the reference distance,
Bo = —20 dB is the path-loss at the reference distance, d is
the distance between the AP and the IRS, d;, is the distance
between the IRS and the user, and oy = 2 and oy, = 2.1 are
the path-loss exponents of the AP-IRS and IRS-user channels,
respectively [4], [30]. We set d; = 5 m and d;, = 40 m,
which imply that 3, = —34 dB and 8, = —54 dB. The
noise variance is 02 = —103.6 dBm. We set 75 = 7, = L.
The achievable rate in (13) is determined by averaging over
10,000 fade realizations. We shall refer to Prf3,./(T.0?) as the
SNR. We first show the results for independent IRS channel
gains and then for correlated IRS channel gains.

First, we assess the efficacy of the selection-aware
estimator. For this, we compare its normalized MSE
E Lheq(s) - ﬁeq(s)ﬂ /[E [|heq(s)|?] with the normalized
MSE of the selection-unaware estimator. Figure 2 plots the
normalized MSE as a function of the demodulation pilot SNR
P.5./ o2 for the scenarios without and with the direct link.
The MSE decreases as the pilot SNR increases. We see that
the analysis and simulation results for the proposed estimator
match each other well. Furthermore, the MSE with the direct
link is lower than the MSE without the direct link. At low pilot
SNRs, the MSE of the selection-aware estimator is lower than
that of the selection-unaware estimator. The gap between the
two estimators decreases as the pilot SNR increases.

We benchmark the proposed scheme with the following:

1) Equal Power Allocation (EPA) Scheme: Here, the same
power is allocated to each selection pilot, demodulation
pilot, and data symbol. The reflection pattern s with the
largest received signal strength is selected as per (4).
Furthermore, the unordered statistics of the beamform-
ing gain are used to estimate heq(s). The training and
feedback overhead is K + 27y + 7. + 1, which is the
same as that of the proposed scheme.

2) Instantaneous CSI-based Scheme [2], [3], [5], [6]: Here,
the user sends M pilots to the AP with the columns of the
DFT matrix as the reflection patterns at the IRS. Then, the
AP estimates the cascaded IRS channel gains, determines
the phase-shifts of IRS elements, and conveys them to the
IRS via a control link. Thus, the training and feedback
overhead is equal to M + M7, + 74 + 1.3 The same
power is allocated to each selection pilot, demodulation

3Here, the control overhead is M. since the reflection coefficients of M
elements have to be sent via the control link.
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(K) for different channel coherence times (P = 15 dBm). The maximum
rate is shown by the marker ‘x’.

pilot, and data symbol. This DFT-based scheme is known
to outperform the on-off scheme of [3], [4].

3) Random Phase-Shift Scheme [3], [5], [6]: Here, a random
phase-shift is configured at each IRS element. Hence,
no selection pilots are required; one demodulation pilot
suffices. Thus, the training and feedback overhead is
77 + 1. The same power is allocated to the demodulation
pilot and each data symbol.

4) Genie-Aided Scheme: Here, the selection of reflec-
tion pattern is assumed to be noise-free. Thus, s =
argmax ;< i {|heq()|?}. Furthermore, heq(s) is as-
sumed to be known perfectly to the AP and the user.
The training and feedback overhead is 0.

A. Without Direct Link

Figure 3 plots the achievable rate and its upper bound in (17)
as a function of the codebook size K, which is also equal to the
number of selection pilots, for different 7;. As K increases, the
achievable rate initially increases. This is due to an increase in

o
o
.
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n
o
:
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-
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o
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Demodulation pilot SNR P.3,/c? (dB)

Fig. 4. Achievable rate as a function of the demodulation pilot SNR P, 3,/ o2
for different values of selection pilot SNR Py 8,/ (K = 25 and SNR =
5 dB). The maximum rate is shown by the marker “x’.

the beamforming gain, as shown in Corollary 2. However, for
larger K, the rate decreases. This is because the increase in the
training overhead negates the rate gains due to the increase in
the beamforming gain. This shows the trade-off between the
rate and the precision of the K codewords. For T, = 400,
600, and 1200, we see that K = 20, 26, and 43, respectively,
are optimal. Thus, the optimal codebook size increases as the
T, increases. We see that the upper bound is tight for all
values of K and T,.. We, therefore, do not distinguish between
the two henceforth. The rate achieved by the estimation-
based scheme is also shown. It is smaller than that of the
codebook-based scheme except at large 7. When T is large,
the fraction of time spent on training by the estimation-based
scheme is small. In this regime, the beamforming gain of
the estimation-based scheme is proportional to 142 [30]. On
the other hand, the beamforming gain of the codebook-based
scheme is proportional to M (K + 1) (by Corollary 1).

Figure 4 plots the achievable rate as a function of the
demodulation pilot power SNR P.3,3), /o for different values
of the selection pilot SNR Py 5,0 /o?. The rate initially
increases as P, increases due to an increase in the accuracy
of the channel estimates. On the other hand, for large P,, the
rate decreases as P, increases because of lesser power for data.
As P, increases, the rate increases because of the increase
in the beamforming gain (by Corollary 2). However, for large
Py, the rate decreases because less power is available for
the demodulation pilot and the data. The optimal value of F,,
which maximizes the rate, is shown using the marker x. It is
insensitive to Pi.

Figure 5 plots the achievable rate as a function of the SNR.
The rate increases as the SNR increases for all schemes.
We compare with the genie-aided scheme, which assumes
perfect channel estimates and no training overhead. Therefore,
it serves as an upper limit for any other scheme. We see that the
proposed optimal scheme performs close to that of the genie-
aided scheme and the gap decreases as the SNR increases.
Therefore, it is competitive with any other scheme. It also
achieves a higher rate than the EPA and random phase-shift
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schemes for all SNRs. At low SNRs, the instantaneous-CSI
based scheme performs marginally better than optimal power
allocation due to its larger beamforming gain. However, at
high SNRs, the large training overheads of the estimation-
based scheme cause its rate to be lower than even the random
phase-shift scheme.

Figure 6(a) plots the ratio of the optimal total selection pilots
power (K Py) to the total power as a function of the SNR for
different values of K. Also shown are results for the EPA
scheme, for which this ratio is equal to the constant %% =
%. For the optimal power allocation, the ratio decreases for all
K as the SNR increases. At low SNRs, relatively more power
gets allocated to the selection pilots to improve the odds that
the optimal reflection pattern is selected. On the other hand,
at high SNRs, more power is set aside for the demodulation
pilot and the data. In this regime, the power allocated to the
selection pilots is less than that allocated by the EPA scheme.
As K increases, more power gets allocated to the K selection
pilots.

Figure 6(b) plots the corresponding ratio (in dB) of the
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Fig. 7. Correlated channel fading: Achievable rates as a function of the
normalized IRS element size (uniform planar array with 16 x 8 elements and
K = 25).

optimal demodulation and selection pilot powers as a function
of the SNR for different values of K. For the EPA scheme,
this ratio is always equal to 0 dB. Notably, the optimal
scheme allocates significantly more power to the demodulation
pilot than the selection pilot, unlike EPA. As the SNR or K
increases, the ratio increases.

B. Impact of Correlated Cascaded Channel Gains

We now study the case where the IRS-user channel gains
are correlated due to close spacing of the IRS elements. The
correlation coefficient C;; of h; and h; for an isotropic
scattering environment is given by [34]

2|Ju; — uy|

C;; = sinc ( 3

where wu; is the location of the i element, ||.|| denotes
distance, and A is the wavelength. The elements are arranged in
a 16 x 8 uniform planar array, with the horizontal and vertical
inter-element distances being d. The power allocation of the
proposed scheme is as per Section III-C.

Figure 7 plots the achievable rate as a function of the
wavelength-normalized length d/\ for the proposed, EPA, and
genie-aided schemes. The random phase-shift and estimation-
based schemes, which perform worse, are not shown to avoid
clutter. As d/\ increases, the effective area of the IRS also
increases. This leads to an increase in the beamforming gain
and rate [34]. The proposed power allocation achieves a higher
rate than EPA at both high and low SNRs. Its rate is close to
that of the genie-aided scheme, and the gap between the two
decreases as the SNR increases.

>7 fori,j e {1,2,...,M}, (30)

C. With Direct Link

Figure 8 plots the achievable rate of the optimal power
allocation scheme and its upper bound (from Theorem 3) as
a function of M for different relative strengths Sq/(845n)
of the direct link compared to the cascaded links. The upper
bound becomes tighter as the relative strength of the direct
link decreases. This is because the virtual selection rule, which
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is used to derive the bound, becomes the same as the actual
selection rule in the absence of direct link. Furthermore, the
bound becomes tight as M increases. The rate increases as M
increases or as the relative strength of the direct link increases.
The slope of the curve decreases as M increases because the
rate is a logarithmic function of M.

Figure 9(a) shows the ratio K P/ Pr of the total selection
pilot power to the total power available as a function of 5./,
for the proposed and EPA schemes at SNRs of 0 dB and 25 dB.
For EPA, the ratio is equal to K/T,, and is not a function of
Ba/Br. As Bq/ B, increases, the optimal ratio decreases for all
K. This is because the IRS contributes less to the overall SNR
and the rate as the direct link becomes stronger. Therefore, the
proposed scheme allocates more power to the data symbols
and less to the selection pilots. As before, the proposed scheme
allocates more power to the selection pilots than the EPA
scheme at low SNRs, while the reverse is true at high SNRs.
Figure 9(b) plots the corresponding ratio of the powers of
the demodulation and selection pilots P./P. The proposed
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Fig. 10. Performance benchmarking: Achievable rate as a function of 84/ 08,
for the proposed, EPA, genie-aided, estimation based and random phase-shift
schemes, and a non-IRS system (Pr = 0 dBm and K = 25).

scheme again allocates more power to the demodulation pilot
than the selection pilot. Furthermore, the ratio of these pilot
powers is larger compared to the scenario where the direct
link is blocked.

Figure 10 compares the achievable rate of the proposed,
EPA, genie-aided, DFT-based estimation, and random phase-
shift schemes for K = 25. Also shown is the rate achieved
by a non-IRS system. As the ratio 34/0, increases, the rate
increases for all the schemes. The rate achieved by the DFT-
based estimation scheme increases at a slower rate than that
of the proposed scheme as (3, increases, since it suffers from
a large pilot and control signaling overhead. The proposed
scheme achieves a higher rate than all the other schemes and
is close to the genie-aided scheme. Its rate is at least 2.4 times
higher than that of the non-IRS system over the entire range

of ﬁd/67'~

VI. CONCLUSIONS

For the codebook-based training scheme, noise affected the
choice of the IRS reflection pattern and the estimate of the
effective channel gain used for coherently demodulating the
data. We proposed a novel selection-aware LMMSE estimator
to estimate the effective channel gain. When the direct link
was blocked, we derived a closed-form expression of the
IRS beamforming gain and a tight bound on the achievable
rate that accounted for the cumulative impact of the channel
estimation errors and the training, feedback, and control sig-
naling overheads. When both direct and reflected links were
present, we derived tight bounds for the beamforming gain
and the achievable rate. The optimal powers allocated to the
selection and demodulation pilots and data were different, with
substantially more power being allocated to the demodula-
tion pilot than a selection pilot. The optimal codebook size
increased as the coherence interval increased. Our proposed
approach achieved a higher rate than the estimation-based
scheme except when M < T;. The same conclusions held
when the cascaded channel gains were correlated due to
closely-spaced IRS elements.
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Several avenues for future work exist. These include consid-
ering hierarchical or non-orthogonal codebooks and modeling
frequency-selective channels. Extending our analysis to multi-
ple antennas at the AP and the users is another open problem.
In this case, the impact of the channel estimation errors on the
precoding vector at the AP also needs to be characterized.

APPENDIX
A. Proof of Lemma 1

We know that the g, is a deterministic channel gain with
lgm|? = By and hq, ..., hy are iid. CN(0, By). Therefore,
ry = h1g1,m72 = haga,...,rapr = hprga are ii.d. complex
normal RVs with mean 0 and variance 3,0}, and r is a
complex normal random vector, i.e., r ~ CN(0, B48,1rs).

The effective channel gains heq(1) = r7¢p(1), heq(2) =

r7p(2),..., heq(K) = rT¢(K) are the projections of r onto
the orthogonal codebook vectors ¢(1), ¢(2), ..., d(K). Thus,
heq(1), heq(2), . .., heg(K) are i.i.d. complex normal RVs with
mean 0 and variance M 3,0, [36, Ch. 2.2.4].

B. Proof of Theorem 1

Let heq(m) = €rm + jeim, for m € {1,2,...,K}. The
cumulative distribution function (CDF) thq 5)(-) of heg(s) in
terms of its real and imaginary parts is given by

icq(s) (1‘ +JZ) é Fe e (l‘,Z) =Pr (ers <z, < Z) .

(3D
Since the events s = 1,s = 2,...,s = K are mutually
exclusive, we have

Fhs)(x+j2) = Z Prie.s <z,e;s<z,s=m). (32)
m=1
Since all reflection patterns are equally likely, we have
Fheq(s)(l’ +72) = KPr(eq <z,ep <z,8=1). (33)
Let K1 = {2,3,...,K}. From (4), we know that s = 1,
when |y1]2 > |ya|?,.. ., |y1|> > |yx|?. Therefore,
Fh(s) (x+jz) = KPr(e, <m, e < 2,

1] > [yml|?,Vm € K1) . (34)

Conditioning on e,; and e;; and then averaging over them,
we get

Fheq(s) (x +]Z) =KL [ﬂ‘{erlﬁw,eil <z}
xPr (|ym‘2 < |yl vm € Kileri,ein)] -
(35

From Lemma 1, we know that ys,ys, ..., yx are indepen-
dent of e,1 and e;;. Furthermore, y,,, ~ CN'(0,07), Ym € K;.
Hence, |y,n|?, ¥m € K1, are i.i.d. exponential RVs with mean
05. Therefore, the probability term in (35) when conditioned
on |y;|? is given by

Pr (|ym|? < |y1|%,Vm € Kiles, e, [y1]?)

= (1 — exp (—|y1\2/03))K_

NED)

After averaging over |y |2, we get

Pr (Jym|® < [p1]?,Vm € Kile,1, €i1)
= [(1 — exp (—|y1|2/03))K_1} . (37

Given e, and e;1, we have y; ~ CN'(v/Per(er1+j€i1),02).
Therefore, |y;|? given e,; and e;; is a non-central chi-square
RV with conditional PDF given by

1 P,e? 4P e2
— exp <w+05 ‘6“'1)Io< ‘(f;”w> >0, (39)

where €2, = €2, + e and Iy(-) is the zeroth-order modified

Bessel function of the first kind [35, Ch. 5]. Using this
conditional PDF in (37), we get
Pr (|lym|? < [y1]?,Vm € Kiler1, €i1)
1 [ K-1 w + Pyje?
e [ e (/) e (-
g 0 ag

4Pge;,
x I (w'i“") dw. (39)
g

Using the binomial expansion [37], we get

Pr (lym|? < [y1]?,Vm € Kiler1, €i1)

K—-1
1 7Pse]eil K-1
— e (0 ey

=0

o wl 4P§e 2
></ e 7 3, <1/“ia”"> dw]. (40)
0 ag

Using the identities in [38, (2) and (9)], the above proba-
bility term simplifies to

Pr (|ym\2 < |y |*,¥m € ’Cl\erh@il)
S

1=0
Substituting (41) in (35) and evaluating the expectation over

er1 and e;1, we get
2
9y
02 +lo?

e (0
2
) derl dezl

L. exp( ﬁiffgflf%)
“2)

Simplifying the above double integral using [37, (2.33)], we
get the following expression for the CDF of heq(s):

K& (K -1 (<)
FE'V‘S)eiS(x7Z) _Z Z ( [ ) (l =+ ].)

=0
(+1)o2

1 + erf ( Wl‘)]
(l+1)02

1+ erf ( o2 +107) lay2)2>1 , (43)

N (Dey s
yTeT
I+ 1)(o2+10%)°

(41)

F67-5 »€is (.T Z
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where erf is the error function [37, (8.250)]. Partially differ-
entiating (43) with respect to x and z yields (10).

C. Brief Proof of Corollary 1

Using the PDF of hey(s) in (10), we can show that the PDF
of |heq(s)|? is given by

Ko? Ki <K - 1) (—1)!
b = ¢ (0F +102)
—(l+1)0;
X exp (Wa:
We can show that the first moment of this PDF is given by
KB, Ki:l (K - 1) (—1)! (02 +10?)
o2 — l (1+1)2
Using the identities in [37, (8.365) and (8.367)] yields (12).

fiheg(s))2 () =

>,x20. (44)

E [|Peq(s)]?] . (45)

D. Proof of Corollary 2

Using the properties of the digamma function, it can be
shown that (12) is a monotonically increasing function of K. It
is easy to show that (12) is a monotonically increasing function
of Psel-

To prove concavity, we differentiate (12) twice with respect
to Py . Doing so yields

0’k {\heq(S)IQ} _ 2830 [PO(K + 1) +y 1] )

82 Psel US

The above quantity is negative since 05 > 0 and ) (K +
1)+ —1>0for K> 1[32, Ch. 6]. Hence, E [\heq(s)ﬂ

is concave in Py.
Differentiating (12) twice with respect to K, which we treat

as a real number, we get
OE [[hea(s)]  pusze® (K +1
4 — Selﬁ’!‘w ( + ) (47)

02K 05 ’

where () (.) is the second derivative of the digamma func-
tion. The second derivative in (47) is negative since w(2)(K +
1) <0 for K >1 [32, Ch. 6] and E [|heq(s)|2} is concave in
K.

E. Proof of Theorem 2

Let w; = r7(i). Thus, heq(i) = w; + hg, for 1 <i < K.
From Appendix A, we know that wy,ws, ...,wx are i.i.d. and
w; ~CN(0,B,.).

Similar to (35), the CDF of \heq(s)|2 can be written as

Flhg(9)2 (%) = K E [Ljn,1)j2<a)
X Pr(lym|* < [y1]?,Vm € K1lheq(1), ha)]
(48)

where the conditioning is on both heq(1) and hg.
To evaluate Pr (|y,|? < |y1]%,Vm € Kilheq(1), ha), we
first obtain the probability of |y,,,|> < |y1|?,Vm € K1, given

heq(1), hq, and |y;1]%. Conditioned on hg, we know that y;,
Vi € K1, are i.i.d. non-central complex normal RVs with
yi ~ CN(\/Psrha, B, + 0?). Furthermore, given |y;|?, we
know that: (i) the events |y,|?> < |y1|% Vm € Ky, are
independent, and (ii) |ym|2, Vm € K4, are independent non-
central chi-square RVs. Using [35, Ch. 5], we can then show

that

Pr (Jym|® < [y11%,Ym € Kilheq(1), ha, |[11]°)

K-1
2 2
_ <1 _ Ql (\/2Psel|hd| 7 \/2Pse1|y1| )) ’ (49)

Oy Oy

where ()1 is the Marcum-Q function.

Conditioned on heq(1) and hq, y1 ~ CN(v/ Petheq(1), 02).
Thus, the PDF of |y;|?> conditioned on heg(1) and hq is
obtained by replacing €Z; in (38) with |heq(1)]?. Using this
conditional PDF, we get

Pr (Jym|? < |y1|?,Vm € Kilheq(1), ha)

K-1
1 °°<1 o (x/zpselth ﬁw))
- - 1 )
0 g

o2

y Oy

4P| heq (1) 2 = (4Pt heg(1)12)
o

Substituting this in (48) and taking the expectation over feq(1)
and hy, we get

1 0 T %) T
F\heq(s)F(x):m/o /0 /0 e~ Br ¢ Ba

Juv 4Pvz —(=+Piv)
X IO ( 63) IO < 0_4 e o2

% (1 Q ( V2Pt 2Pz
- 1 )
a. a.

Y Y

(50)

K-1
)) dzdvdu.
(51)

Substituting the above CDF in the formula E [\heq(3)|2] =
I (1 - ﬂhcq(s)lz(m)) dz yields (24).

FE. Proof of Lemma 2

Let

Z = max_{|heq(i)|*} (52)

1<i<K
When (P,/0?) — 0o, the noise term in (2) becomes negli-
gible. Thus, heq(5)|2 = Z. From the law of total expectation,
we have

E [Ihea(3)I] = Eny [Ezp, [2]] (53)

|hq|? is an exponential RV with mean (4. Substituting this
in (53), we get

1 [ -
E [‘heq($)|2:| = E/Ov [EZ\hd [Z] exp <B;C) dx. (54)

Conditioned on hg, |heq(i)|? is a non-central chi-square RV
with shape parameters v and o', Vi € {1,2,..., K}, where
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v = |hg| and 20"? = 3, [39]. Let
1
bk = B, |log(K) — 1 log (log(K))

log(K) 1 4m|hg| =2lmal?
—5 —210g<\/576 Br > . (55)

By extreme value theory, for large K, £ _fK follows the stan-
dard Gumbel distribution with CDF equal to exp(— exp(—z)),
for z > 0 [39]. Therefore, Ez, [Z] = YMByfn + bi.
Substituting by, from (55), we get

[Ez‘hd [Z] = Bry + Brlog(K) + 2|ha|+/ Br log(K)

1 2 2 _4h,2
- %log (&rﬂ“’d'eaﬁi log(K)>. (56)

Substituting (56) in (54) and using the identities in [37, (3.381)
and (4.331)] yields (25).

+2|hql

G. Proof of Theorem 3

We now derive this for large P (i.€., (Pii/0?) — o) and
small Py (i.e., (Pwe/0?) — 0) separately.

a) When (Py;/0?) — oo: Here, the noise term is negligible
and the selection in (4) simplifies to

(57)

By construction, we know that z(7) used in the virtual selection
criterion in (27) is independent of s. Therefore, where x R Y
denotes that z and y obey the same statistics.

Let T denote the maximum value of the sequence

2 2

|2(1) + T o(1)],]2(2) + T @(2)] ...

o ]a(s=1)+ rl (s — 1)|2 |ha + rT¢(s)|2 ,

|25+ 1) +17p(s + 1) [2(K) + 17K, (59)
where z(s) has been replaced by hg in the s term. Since
2(s) & hg, we know that T X |2(u) + v p(u) ?, which
implies E[Y] = E Uz(u) + er)(u)ﬂ = E [ heq(w)]?].

From the definition of T, we can say that ¥ >
|ha + 7 é(s)|”. Thus, E[Y] > E “hd—&—er)(s)ﬂ, which
implies that

2
E [Jhea(w)?] = E [|2(u) +r7 g (w)|”]
2
> E [[ha+179(5)| "] = E [Jhea(s)] . (59)
b) When (Py;/c?) — 0: From (27), we know that
heg(u)|? > |2(1) +rT¢(1)’2. Since hyq and z(1) are i.i.d.,
we get |z(1) +rT¢(1)‘2 L |ha +rT¢>(1)]2. These together
imply that
2
E [lheq(@)[2] = E [[ha + 27 (w)|*] > E [Ihg(DF] . (60)
When (Pyi/0?) — 0, it follows from (4) that s =
argmax, ;< {|n:[*}. Thus, s is independent of hgq and
r. In such a case, |heq(s)| % |heq(1)] and E [|heq(s)[?] =
E [|heq(1)|?]. Combining this with (60) yields the bound in
(59). The expression for E Uhd(u) + rTqb(u)ﬂ is the same
as that in (28).

2
$ = argmaX;ci12 . K} ’hd + er)(z)‘
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