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Exploiting Beam-Split Effect in IRS-Aided Systems
via Opportunistic OFDMA: Design and Analysis

L. Yashvanth, and Chandra R. Murthy, Fellow, IEEE

Abstract—This paper addresses the challenges caused by em-
ploying phased-array-based intelligent reflecting surfaces (IRSs)
for wideband beamforming applications at mmWave frequencies.
When a large IRS is used in conjunction with a wideband signal, a
phenomenon known as the beam-split (B-SP) effect arises wherein
the IRS fails to focus its reflected energy toward a single user
equipment (UE) across the entire signal bandwidth, resulting in
a dramatic reduction in array gain and throughput. While B-SP
is commonly regarded as a performance-limiting impairment, in
this paper, we take an optimistic viewpoint and exploit the B-
SP to improve system performance using orthogonal frequency
division multiple access (OFDMA). We first show that, under the
B-SP effect, the IRS can inherently exhibit a multi-directional
beamforming behavior, directing its energy toward different
spatial angles at different frequency components. Capitalizing
on this property, we then propose an opportunistic OFDMA
scheme wherein the IRS phase shifts are randomly configured,
and multiple UEs are opportunistically scheduled over different
subcarriers (SCs) using a max-rate scheduling policy. We rigor-
ously prove that, when the number of UEs is large, the B-SP can
almost surely procure the optimal array gain on all SCs (possibly
at different UEs). Subsequently, we characterize a sufficient
condition on the number of UEs to witness near-optimal gains
in practical systems. Then, we demonstrate that the proposed
OFDMA scheme offers multi-user diversity benefits, resulting in
further throughput enhancements beyond those achieved through
optimal beamforming. Finally, we also show how our idea extends
to near-field propagation scenarios. Numerical simulations reveal
that the OFDMA scheme outperforms the existing IRS-aided
wideband beamforming solutions at low cost and complexity.

Index Terms—Intelligent reflecting surface, opportunistic com-
munication, OFDMA, beam split, multi-user diversity.

I. INTRODUCTION

Intelligent reflecting surfaces (IRSs) are envisioned to en-
hance the throughput of next-generation wireless systems [2],
[3]. An IRS comprises numerous passive elements that apply
controllable phase shifts to manipulate the wireless channel
between nodes. By appropriately configuring these phase
angles, the IRS can coherently combine the signal copies at
the receiver (e.g., a user equipment (UE)), thereby improv-
ing the signal-to-noise ratio (SNR) and throughput. In high-
frequency bands such as millimeter waves (mmWaves), where
the propagation losses are severe, IRSs can help to enhance
the channel quality [4], [5]. However, a large number of IRS
elements is typically required to overcome the multiplicative
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path loss experienced in the cascaded base station (BS)-IRS-
UE channel. In such cases, the propagation delay of the signal
across the IRS aperture may become comparable or even
exceed the sampling duration, leading to the spatial-wideband
(SW) effect, and, consequently, the beam-split (B-SP) effect
in the frequency domain [6]. This paper rigorously analyzes
how the B-SP effect alters the directional response of an IRS
and proposes an opportunistic orthogonal frequency division
multiple access (OFDMA) scheme that exploits the B-SP to
enhance system performance.

A. Challenges, Importance and Novelty
A key objective of the next-generation wireless systems is

to deliver enhanced mobile broadband (eMBB) connectivity
to all devices, and one way to facilitate this is to perform
communications in high-frequency bands like mmWave, where
abundant spectrum is available, which can enhance the data
rates [7]. However, mmWave signals suffer from severe prop-
agation losses, which degrade the SNR and limit the coverage.
To address this, IRSs have been proposed to create virtual
line-of-sight (LoS) links between the BS and UE, thereby
improving the signal strength [8]. As explained before, an
IRS consists of numerous passive elements with individually
tunable phase shifts that allow for constructive combining of
the signals at the UE, in turn providing a beamforming/array
gain. A large number of IRS elements is typically used
to provide sufficient beamforming gain to compensate for
the high path losses [9]. However, when a wide bandwidth
(BW) is used in conjunction with a large IRS array, the
signal propagation delay across the IRS aperture can become
comparable to or exceed the sampling period, even under LoS
settings. This violates the narrowband condition and leads to
a multi-tap channel in the time domain, and causes the beam-
split (B-SP) effect, where the IRS fails to focus its beam at
a given UE over the entire BW, thereby degrading the array
gain and throughput [6], [10], [11].

Addressing the B-SP effect at the IRS is generally challeng-
ing because phase shifters can only approximate delays under
narrowband conditions, where beamforming by controlling the
phases is effective [12]. In wideband regimes, this approxima-
tion breaks down, making it difficult for an IRS to coherently
beamform across the entire bandwidth. This reduction in array
gain is a fundamental consequence of the fact that IRSs use
phase shifters for beamforming. Thus, it is important and non-
trivial to mitigate the B-SP effect for two main reasons: (a) the
B-SP effect undermines the core advantage of using an IRS for
enhancing the throughput in mmWave bands, and (b) existing
solutions for mitigating B-SP in conventional antenna arrays
cannot be directly applied to an IRS due to the passive nature
and associated hardware & power constraints at the IRS.
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As explained in the sequel, most prior work treats the B-SP
effect as detrimental and advocates solutions to suppress it. In
our work, we adopt a novel perspective wherein we propose a
new scheme that exploits the B-SP effect, while still limiting
the loss of array gain and improving the system performance.

B. Related Work

First, most of the existing work on IRS-aided mmWave
systems ignores B-SP-induced impairments (e.g., [4], [5],
[8]), and hence overestimates the performance of IRS-aided
wideband systems. This literature survey focuses on papers
discussing wideband effects in IRS-aided systems.

Considering beam-squint (B-SQ), a milder form of the B-
SP effect, channel estimation and beam training methods were
proposed in [13], [14], while [15] explored UE localization.
IRS phase optimization to maximize sum-rate in orthogonal
frequency division multiplexing (OFDM) systems was con-
sidered in [16], and joint design of IRS and BS precoding
for multiple-input multiple-output (MIMO) terahertz systems
was studied in [17], [18]. The ergodic rate performance of
MIMO-OFDM under B-SQ was analyzed in [19], signal-to-
interference-plus-noise ratio (SINR) maximizing design of IRS
configurations were derived in [20], and in [21], phase shifts
are optimized to adjust the beam widths of the IRS in an
OFDMA framework. Along the lines of mitigating the SW
effect, existing works often use true time-delay (TTD) units at
the IRS to compensate for the excess signal delay across the
aperture, thereby eliminating the SW effects [10]. In [11], the
design of TTD-enabled IRS was investigated, [22] considered
the use of delay-phase units to eliminate the B-SP effects in
both far-field and near-field scenarios, and in [23], the TTDs
and BS precoder were jointly optimized to maximize the sum-
rate of a multi-user system. However, equipping an IRS with
TTD units is impractical for the following reasons: 1) the num-
ber of required TTD components scales linearly in the number
of IRS elements, leading to higher hardware complexity and
a larger physical area, 2) it incurs more power consumption
due to the necessity for precise delay compensation using
high-resolution delay lines, and 3) the full-duplex operation
inherent to TTD-enabled IRS elements, where each element
must simultaneously receive the BS signal, apply a delay, and
retransmit it toward the UE, necessitates a self-interference
cancellation mechanism [24]. To the best of our knowledge,
no prior work has demonstrated a practical hardware imple-
mentation of a TTD-enabled IRS. Therefore, while TTD com-
pensation removes differential delays across the IRS aperture
and facilitates a genie-aided evaluation of the achievable rate,
it does not constitute a practically feasible solution. Similarly,
hybrid analog-digital beamforming techniques, which are used
to mitigate the B-SP effect at the BS antenna arrays [25],
are not applicable to IRSs, since IRS elements are strictly
passive and lack radio-frequency (RF) chains and baseband
processing capabilities. Finally, in our prior work [26], we
show that instead of a TTD-based IRS, appropriately splitting
a large IRS into multiple distributed IRSs and placing them
at carefully chosen locations can naturally mitigate the B-SP
effects without compromising on the performance and has low

complexity. However, this approach targets scheduling a single
UE across the entire BW, and the effectiveness of it to mitigate
the B-SP critically depends on the placement of IRSs relative
to the BS and UE locations. Hence, this solution is well suited
for scenarios where a single UE or a cluster of UEs, such as
those in a small, dense hotspot; however, it is less effective
when the UEs may be arbitrarily located.

In contrast with the above approaches, which aim to mitigate
the B-SP effect, this paper explores an opportunistic OFDMA
scheme that takes an optimistic view of the B-SP effect and
leverages it to enhance system performance through randomly
configured IRS phase shifts. Although [27], [28] address
problems related to IRS-assisted OFDMA, they focus on sub-6
GHz bands where B-SP effects are not significant.

C. Theoretical Contributions of This Paper

By revisiting the modeling of a large IRS-aided mmWave
wideband system from first principles, we first formalize the
emergence of the B-SP effect and its impact on the achievable
array gain across the operating BW. Building on this, we
establish the following six main theoretical contributions:

1) Directional response: When the IRS is tuned to reflect
in a specific direction at one frequency, it necessarily
reflects toward other angles at neighboring frequencies of
the BW. A closed-form characterization of this frequency-
dependent directional response is provided in Lemma 1.

2) Multi-directional beamforming: Next, in Lemma 2, we
identify the sub-BW over which the IRS focuses in a
given direction within the half-power beamwidth. Using
this, in Theorem 1, we derive the number of resolvable
beams formed by the IRS simultaneously over disjoint
sub-bands of the system BW under the B-SP effect.

3) Exploiting B-SP effect: In Theorem 2, we demonstrate
that, with a large number of UEs and randomized IRS
phase coefficients drawn from a suitable distribution, at
least one UE will almost surely achieve the full IRS array
gain on every subcarrier (SC) under the B-SP effect.

4) Scaling of number of UEs: In Proposition 1, we derive
a sufficient scaling on the number of UEs required to
achieve near-optimal array gain across the entire BW.
In particular, we show that the required number of UEs
scales linearly with the number of resolvable IRS beams.

5) Rate-scaling law with opportunistic OFDMA: In Theo-
rem 3, we derive the achievable system throughput under
a max-rate scheduler and show that our method not only
exploits the B-SP effect and delivers full array gain on
every SC but also harnesses multi-user diversity benefits
over the BW to further enhance performance.

6) Extensions to near-field scenarios: Finally, we show
that under the B-SP effect in near-field scenarios, an
opportunistic OFDMA obtains the full beamfocusing gain
across the BW by scheduling a UE whose angle-distance
pair is best matched with the randomized IRS phase.

D. Key Insights and Qualitative Takeaways

Our theoretical developments offer many important insights:
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• The B-SP effect, traditionally viewed as detrimental,
inherently redistributes energy across different spatial di-
rections due to the law of conservation of energy. This im-
plies that when the IRS fails to beamform toward a single
UE at a given frequency, it must redirect energy toward
other UEs in different directions at other frequencies,
thereby enabling multi-directional beamforming (BF).

• Our results demonstrate that with a sufficient number of
UEs, even a randomized IRS configuration, along with
opportunistic scheduling, can exploit the multi-directional
BF property of the B-SP effect and provide full BF gain
across the entire BW without IRS optimization overheads.

• Our method is applicable to both far-field and near-field
wireless systems.

• In terms of practical relevance, in a system with a
1024-element IRS operating over a 400 MHz bandwidth
at 30 GHz, the proposed opportunistic OFDMA with
randomized IRS phases outperforms conventional round-
robin (RR) scheduling, which assigns the entire BW to a
single UE with IRS phases optimized only for that UE.

Overall, our results demonstrate that even with randomly
configured IRS phases and minimal operational overhead,
opportunistic OFDMA can substantially mitigate the adverse
impact of the B-SP effect from a network-level perspective,
offering a low-complexity yet highly effective approach to
wideband IRS-assisted communication.

II. SYSTEM MODEL AND PROBLEM STATEMENT

We consider a downlink wideband mmWave system where
a BS equipped with Nt antennas serves K UEs. The system
uses OFDM modulation with N SCs spanning a total BW
of W centered at a carrier frequency fc, and is assisted by
an M -element IRS to enhance the throughput of the system.
We consider that the antenna array at the BS and the IRS
are implemented as a uniform linear array (ULA) with inter-
element spacing dBS, and dIRS, respectively.1 For simplicity
of exposition, we consider a single antenna at the UEs, and
the approach directly extends to multiple antenna UEs also.
Further, due to the sparse scattering of signals at mmWave
frequencies, we model the channel between the nodes with
line-of-sight (LoS) components, as described next.

A. Channel Model

In the downlink mode of the communication, the baseband
impulse response of the channel from the n′th antenna at BS
to the mth IRS element can be written as [29]

gn′,m(t) = αn′,me
−j2πfcτBI

n′,mδ(t− τBIn′,m), (1)

where δ(t) is the Dirac-delta function, αn′,m corresponds to
the large scale channel parameter (accounting for the path loss)
from the n′th antenna at the BS to mth element of the IRS,
and τBIn′,m is the delay in the channel from n′th BS antenna
to mth IRS element. Similarly, the impulse response of the

1The ideas pursued in this paper can be directly applied to other types of
array geometries at the BS/IRS. For example, in Remark 2, we discuss how
the results of this paper extend to a planar array-based geometry.

channel in the baseband domain from the mth IRS element to
UE-k is given by

um,k(t) = βm,ke
−j2πfcτ IU

m,kδ(t− τ IUm,k), (2)

where βm,k and τ IUm,k denote the large-scale parameter and
delay in the channel from mth IRS element to UE-k, respec-
tively. Thus, the impulse response of the overall channel from
the n′th BS antenna to UE-k via the IRS can be written as2

hn′(t) =
∑M

m=1
θmgn′,m(t)⊛ um,k(t) (3)

=
∑M

m=1
θmαn′,mβm,kδ

(
t− τBIn′,m − τ IUm,k

)
× e−j2πfc(τ

BI
n′,m+τ IU

m,k), (4)

where ⊛ denotes the linear convolution operator, and θm is the
reflection coefficient tuned at the mth IRS element modeled
as θm = ζme

jϑm , where ζm and ϑm denote the amplitude and
phase of the reflection coefficient at mth IRS element. For sim-
plicity, we consider that ζm = 1, ∀m ∈ [M ] ≜ {1, . . . ,M}.

Using the properties of the ULA geometry, the channel
delays via the IRS relative to a reference IRS element can
be expressed as:

τBIn′,m = τBI0n′ +
dIRS

c
(m− 1) sin(ψ), (5)

τ IUm,k = ηI0Uk − dIRS

c
(m− 1) sin(ωk), (6)

where τBI0n′ , η
I0U
k are the signal propagation delays from n′th BS

antenna to reference IRS element, and reference IRS element
to UE-k, respectively; c = 3 × 108 m/s denotes the speed of
light; ψ and ωk represent the direction of arrival (DoA) from
the BS and departure (DoD) towards UE-k, respectively, at
the IRS. Now, using (5) and (6) in (4), the channel to UE-k
from the n′th BS antenna can be simplified as given in (7) at
the top of the next page.

Similarly, we express the delay from n′th BS antenna as

τBI0n′ = ηBI0 + (n′ − 1)
dBS

c
sin(χ), (8)

where ηBI0 is the propagation delay from the reference BS
antenna to the reference IRS element, and χ is the DoD at the
BS towards the IRS. Let ηk ≜ ηBI0 + ηI0Uk denote the overall
propagation delay from the reference antenna at the BS to UE-
k via the reference element of the IRS. Further, since the large-
scale path loss is nearly the same across the BS/IRS array, we
let αn′,m ≈ α, and βm,k ≈ βk ∀n′ ∈ [Nt],m ∈ [M ] [29].

Let pn′(t) denote the response of the transmit precoding
filter used at the n′th BS antenna. Then, the effective channel
at UE-k is given by

h(t) =
∑Nt

n′=1
hn′(t)⊛ pn′(t). (9)

Now, using (7) in (9) and simplifying, the final form of h(t)
can be obtained as given in (10) on the next page, where
ᾱ ≜ αe−j2πfcη

BI0 and β̄k ≜ βke
−j2πfcη

I0U

k denote the complex
channel gain in the BS-IRS and IRS-UE links, respectively.



4

hn′(t) =
∑M

m=1
θmαn′,mβm,kδ

(
t− τBI0n′ − ηI0Uk − dIRS

c
(m− 1) (sin(ψ)− sin(ωk))

)
e−j2πfc(τ

BI0
n′ +η

I0U

k )

× e
−j2πfc

dIRS

c
(m−1)(sin(ψ)−sin(ωk))

. (7)

h(t) =
∑Nt

n′=1

∑M

m=1
θmᾱβ̄kδ

(
t− ηk −

dBS

c
(n′ − 1) sin(χ)− dIRS

c
(m− 1) (sin(ψ)− sin(ωk))

)
⊛ pn′(t)

× e
−j2πfc

dBS

c
(n′−1) sin(χ)+

dIRS

c
(m−1)(sin(ψ)−sin(ωk))


, (10)

Fig. 1: Illustration of SWE when the SDS ∆τk spans LM taps.

B. Spatial-Wideband Effect

The expression for the channel given in (10) corresponds
to a multipath scenario where every BS antenna and each IRS
element provides a copy of the transmitted signal at the UE.
Thus, the spatial delay spread (SDS) induced by the channel
at UE-k, denoted by ∆τk, is

∆τk =
dBS

c
(Nt−1) sin(χ)+

dIRS

c
(M−1) (sin(ψ)− sin(ωk)) .

(11)
Clearly, the SDS in the channel at UE-k depends on the DoD
at the BS, DoA, and DoD at the IRS: If sin(ψ)−sin(ωk) = 0,
and χ = 0, the SDS is 0, and if sin(ψ) − sin(ωk) = 2
and χ = 90◦, the SDS takes the maximum value given by
∆τk,max = (Nt − 1)

dBS
c + 2(M − 1)

dIRS
c . In general, when

the SDS becomes comparable to or exceeds Ts = 1/W , the
narrowband condition is violated, and the channel becomes
frequency-selective, resulting in the spatial-wideband effect
(SWE) [6]. The SWE refers to the fact that the delay incurred
by the signal while propagating across the aperture of the BS
or IRS is comparable to the sampling duration of the signal,
and this gives rise to a frequency-selective multi-tap channel
(see Figure 1). Note that the SWE arises even with pure LoS
paths in the channel. Hence, unlike conventional multipath
links, which are characterized by multiple distributed scatter-
ers, the frequency-selective properties under the SWE result
in a distinct phenomenon known as the beam-split effect, as
described next.

C. The Beam-Split Effect

Owing to the frequency selectivity induced by the SWE,
OFDM becomes a natural choice for the transmission of data
signals. To this end, applying a Fourier transform to (10), the
frequency response of the channel to UE-k on a baseband
frequency f (with |f |≤W/2) can be obtained as

2We neglect the direct path between the BS and the UEs due to the high
attenuation losses faced by the mmWave signals [30], [31, Sec. IV.A].

Hk(f) = ᾱβ̄ke
−j2πfηk

Nt∑
n′=1

e
−j2π(f+fc)(n′−1)

dBS

c
sin(χ)

Pn′(f)

×
M∑
m=1

e
−j2π(f+fc)(m−1)

dIRS

c
(sin(ψ)−sin(ωk))

ejϑm , (12)

where the symbols are as defined previously and Pn′(f) is
the frequency response of the filter pn′(t). Since our goal
is to enhance the throughput, maximizing the channel gain
in (12) is desirable. In this view, by using the Cauchy-Schwarz
inequality, we can obtain |Hk(f)|2 ≤ |Uk(f)|2, where

|Uk(f)|2≜
∣∣ᾱβ̄kNt∣∣2

∣∣∣∣∣∣
M∑
m=1

e
−j2π(f+fc)(m−1)

dIRS

c
sin(ϕk)

ejϑm

∣∣∣∣∣∣
2

,

(13)
with ϕk ≜ sin−1

(p) (sin(ψ)− sin(ωk)) being the cascaded
channel angle at UE-k via the IRS, and sin−1

(p)(x) is defined
such that x lies in the principal argument of the inverse sine
function, [−1, 1) [32], [31, Eq. 32]. Note that, for any k, we
can achieve the upper bound |Uk(f)|2 in (13) when

Pn′(f) = e
j2π(f+fc)(n

′−1)
dBS

c
sin(χ)

, (14)

which corresponds to the transmit filter response given by

pn′(t) = δ

(
t+ (n′ − 1)

dBS

c
sin(χ)

)
e
j2πfc(n

′−1)
dBS

c
sin(χ)

.

(15)
Interestingly, the transmit filter achieving the upper bound
is independent of the UE being served, so that the full-
beamforming gain from the BS array can be obtained using a
UE-independent precoding configuration (of course, the array
gain achieved does depend on the UE index). We refer the
reader to Remark 1 at the end of this section for further details
on the implementation of the transmit filter in (15).

Suppose we tune the IRS phase to maximize the channel
gain at the centre frequency, f = 0, that is, we set

ϑm = j2πfc(m− 1)
dIRS

c
sin(ϕk). (16)

Then, with Pn′(f) chosen as per (14), the overall channel gain
on a baseband frequency f with M > 1 can be simplified as

|Hk(f)|2 =
∣∣ᾱβ̄kNt∣∣2

∣∣∣∣∣∣
∑M

m=1
e
−j2πf(m−1)

dIRS

c
sin(ϕk)

∣∣∣∣∣∣
2
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(a)
=
∣∣γCk ∣∣2M2 sinc2

(
Mf

2fc
sin(ϕk)

)
, (17)

where in (a), we defined γCk ≜ ᾱβ̄kNt and the fact that
sin(x) ≈ x, when x = πfdIRS sin(ϕk)/c ≪ 1; sinc(x) ≜
sin(πx)
πx , and we set dIRS = λc/2, where λc is the carrier

wavelength. From (17), we see that unless f = 0 or ϕk = 0,
the UE experiences a reduced array gain relative to the
maximum value of M2 at other frequency components within
the BW; this is known as the beam-split (B-SP) effect.

More generally, if we configure the IRS coefficients to form
a beam at UE-k on the nth SC of the OFDM system, n ∈ [N ],
the overall channel gain at UE-k on frequency f is

|Hk(f)|2≈M2
∣∣γCk ∣∣2 sinc2(M(fn − f)

fc
sin(ϕk)

)
, (18)

where fn = nW
N − W

2 − W
2N is the baseband frequency of

nth SC. We pictorially illustrate the adverse impact of the
B-SP effect in Fig. 2. When the BW, or the number of IRS
elements, or both, become large, the resulting degradation in
array gain due to the B-SP effect becomes a major limitation in
the deployment of IRSs for wideband communication systems.

At this point, we note that the severity of the SWE, and
hence the resulting B-SQ/B-SP effects, is not governed solely
by the fractional bandwidth (FBW), defined as the ratio of
BW to carrier frequency. Instead, it is dictated by the product
of the number of IRS elements N and the FBW. For example,
as in Fig. 2, with N = 1024, W = 400 MHz, and fc = 30
GHz, this product is MW/fc ≈ 13.66 (i.e., 1366%), which
is sufficiently large to induce pronounced B-SP effects at
the IRS. Thus, unlike conventional wideband systems, where
performance degradation depends primarily on FBW, the onset
and severity of the B-SP effect in IRS-assisted systems are
determined by the joint scaling of N and the FBW.

D. Problem Statement

From the above discussion, it is evident that the B-SP effect
prevents a single UE from achieving the full array gain of
M2 over the entire signal BW. Although the B-SP effect can
be mitigated by reducing the number of IRS elements M or
the BW W , it has the undesirable consequence of decreasing
the overall system throughput. On the other hand, intuitively,
if the IRS does not form a beam in a single direction on all
SCs, by the law of conservation of energy, the reflected energy
must necessarily be radiated in different directions across the
SCs. In effect, the IRS forms beams pointing towards different
UEs in the system across the SCs. Motivated by this, we
propose to employ an OFDMA scheme, where different UEs
are scheduled across the SCs, thereby exploiting the B-SP
effect. Specifically, we answer the following:
1) How does the directional response of the IRS vary across

the BW under the B-SP effect when IRS configurations are
tuned to reflect in a specific direction at a given frequency?3

2) Under the B-SP effect, develop and analyze an OFDMA
scheme that schedules different UEs on distinct SCs by

3We note that B-SQ and B-SP effects can arise in both far-field and near-
field scenarios [22]. For simplicity of exposition, we first develop the idea and
analysis when the BS/UEs are in the far-field of the IRS(s). Subsequently, in
Sec. IV-E, we extend our idea to near-field scenarios.

Fig. 2: Average array gain vs. SC frequency when IRS is optimized
to fn = 0 for different number of IRS elements, M , with W = 400
MHz. Although the gain at fn = 0 increases with M , the gain on
other SCs degrades as M increases due to the B-SP effect.

formulating and solving the following scheduling problem:

Maximize the system throughput obtained over T time slots
w.r.t. all schedulers SCH(n, t), where SCH : [N ]× [T ] →
[K] maps the SC index n and time slot t to UE index k:

max
SCH(n,t)

1

T

∑T

t=1

∑N

n=1

W

N
×

log2

(
1 +

P

NtNσ2
|H(SCH(n, t), t, fn)|2

)
, (P0)

where P is the total transmit power, which is divided
equally across the N SCs, σ2 is the noise variance per
SC, and H(k, t, f) is the channel to UE-k at time (slot) t
and on frequency f . The factor Nt accounts for the power
normalization since the BS is equipped with Nt antennas.

We address these aspects in Secs. III and IV, respectively.

Remark 1 (Using true-time delay units at the BS and IRS).
From (15), we note that each BS antenna applies a timing ad-
vance via a TTD unit, which introduces a frequency-dependent
phase shift, followed by a frequency-independent phase. While
a TTD-enabled array is feasible at the BS, equipping each IRS
element with a TTD unit to counteract the SW effect signifi-
cantly increases hardware complexity and power consumption
due to the need for high-precision delays and the requirement
of a self-interference cancellation mechanism to handle the
full-duplex operation, as explained in Sec. I-B. These practical
limitations restrict the applicability of TTDs at the IRS.

Remark 2 (Extension to other geometry). The B-SP effect
arises regardless of the array geometry employed at the BS
or IRS. However, its severity is governed by the number of
elements across the array aperture. For e.g., in uniform planar
arrays (UPA), elements along the diagonal contribute to the
B-SP effects. Accordingly, our proposed ideas and methods
generalize to arbitrary array geometries by appropriately
scaling the number of elements across the array aperture.
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III. BEAM-SPLIT ENABLES MULTI-DIRECTIONAL
BEAMFORMING AT THE IRS

To accurately characterize the frequency-selective properties
of the channel at a UE under the B-SP effect, we first
rewrite (13) for dIRS = λc/2 compactly as follows:

|Hk(f)|2=
∣∣γCk ∣∣2 ∣∣∣∣θHaM

(
sin−1

(p)

{(
1 +

f

fc

)
sin(ϕk)

})∣∣∣∣2,
(19)

where θ ≜
[
e−jϑ1 , e−jϑ2 , . . . , e−jϑM

]T
is the IRS configu-

ration vector (with conjugate phases introduced for notational
compactness), and aM (x) is the array steering response vector
of an M -element ULA oriented at the angle x given by

aM (x) ≜
[
1, e−jπ sin(x), . . . , e−j(M−1)π sin(x)

]T
. (20)

A. Directional Response of the IRS under B-SP effect

In Lemma 1 below, we determine the directional response of
the IRS on the frequencies across the BW of operation when
the IRS is tuned to a given frequency within the BW.

Lemma 1. Let f0, f̃0 ∈ [−W/2,W/2] be two frequency
components within the BW of operation in the baseband
domain. If the IRS is configured to reflect in a cascaded spatial
direction of ϕ at frequency f0, then, on frequency f̃0, the IRS
reflects at a cascaded angle ϕ̃ given by

ϕ̃ = sin−1
(p)

{(
f0 + fc

f̃0 + fc

)
sin(ϕ)

}
. (21)

Proof. From (19), dropping the index k for simplicity, and
using the Cauchy-Schwarz inequality, the IRS phase config-
uration that maximizes |H(f)|2 and reflects the transmitted
signal in a cascaded angle of ϕ on frequency f0 is given by

θopt = aM

(
sin−1

(p)

{(
1 +

f0
fc

)
sin(ϕ)

})
. (22)

To determine the directional response of the IRS vector tuned
as per (22) on another frequency f̃0, we evaluate the beam-
scanning function, which is defined as follows.

g(ν) ≜

∣∣∣∣∣θoptHaM

(
sin−1

(p)

{(
1 +

f̃0
fc

)
sin(ν)

})∣∣∣∣∣
2

(23)

=

∣∣∣∣∣
M∑
m=1

e
jπ(m−1)

{
(1+ f0

fc
) sin(ϕ)−

(
1+

f̃0
fc

)
sin(ν)

}∣∣∣∣∣
2

(24)

=
sin2

(
πM
2

{(
1 + f0

fc

)
sin(ϕ)−

(
1 + f̃0

fc

)
sin(ν)

})
sin2

(
π
2

{(
1 + f0

fc

)
sin(ϕ)−

(
1 + f̃0

fc

)
sin(ν)

}) (25)

(a)
≈ M2F2

M

((
1 +

f0
fc

)
sin(ϕ)−

(
1 +

f̃0
fc

)
sin(ν)

)
, (26)

where in (a), FM (x) is the Fejér Kernel [33], which satisfies

FM (x) =


1 + o(M), if x = 0,

0, if x ∈ Z\{0},
o(M), if x ∈ R\Z.

(27)

Thus, to evaluate the angle at which the IRS vector has the
largest response on frequency f̃0, we set the argument of
FM (x) in (26) to 0, which upon simplification along with
letting ν = ϕ̃ yields the desired result in (21). ■

From Lemma 1, we obtain the following two key insights:
1) Unless ϕ = 0◦, the IRS cannot focus all its energy in a

single direction over the entire BW.
2) Hence, due to the B-SP effect, if the IRS is configured to

reflect toward a nonzero cascaded angle ϕ at a particular
frequency, it beamforms to a different direction at other
frequencies within the BW. Lemma 1 formally estab-
lishes the conservation-of-energy argument discussed in
Sec. II-D, namely, an IRS must necessarily steer its beam
toward a different direction at frequencies other than the
one to which it is tuned within the BW.

The directional response in Lemma 1 generalizes existing
results in the literature. For example, [34] evaluates the reflec-
tion direction when the IRS is tuned to the center frequency
(f = 0), whereas (21) evaluates the response when the IRS is
tuned to an arbitrary frequency component within the BW.

B. Frequency Response of the IRS under B-SP effect

We note that Lemma (1) characterizes the directional re-
sponse of an IRS, specifying the direction at which the IRS
beamforms on a given frequency when it is actually tuned to
reflect in a chosen direction on a different frequency. However,
if the angular shift across two different frequencies exceeds the
Rayleigh resolution limit of an array [12], the IRS effectively
beamforms in multiple resolvable directions over the system
bandwidth. In this view, we have the following result.

Lemma 2. In an M -element IRS-aided wideband system with
BW equal to W , the half-power beam width (HPBW) of the
beam formed by the IRS towards the cascaded angle of ϕ on
a frequency f0 spans only a sub-band whose BW is given by

Wϕ = min

{
4

π

√
6

(
1− 1√

2

)
· fc
M sin(ϕ)

,W

}
. (28)

Proof. When the IRS is set to align with the channel at a UE
whose cascaded angle is ϕ on frequency f0, the corresponding
IRS configuration vector is given by (22). Then, the normal-
ized IRS response on another frequency band centered at f̃0
in the direction of ϕ can be evaluated as

ρ(f̃0) ≜
1

M2

∣∣∣∣∣θoptHaM

(
sin−1

(p)

{(
1 +

f̃0
fc

)
sin(ϕ)

})∣∣∣∣∣
2

.

(29)
By simplifying (29) similar to the proof of Lemma 1, we get

ρ(f̃0) =

 sin
{
πM
2

(
f0−f̃0
fc

)
sin(ϕ)

}
M sin

{
π
2

(
f0−f̃0
fc

)
sin(ϕ)

}
2

, (30)

which achieves the maximum when f0 = f̃0 or ϕ = 0. Now,
the frequency points corresponding to the HPBW of the beam
formed by the IRS towards ϕ at f0 can be obtained by setting
ρ(f̃0) = 0.5. Further, by using |f0− f̃0|/fc ≪ 1 and sin(x) ≈
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x for x ≪ π, from (30), we obtain a simplified relation for
determining the sub-BW covering the HPBW of the beam as:

sinc

(
M sin(ϕ)

2

(
f0 − f̃0
fc

))2

≥ 1

2
. (31)

Using the 1st order Taylor’s approximation: sinc(x) ≈ 1 −
π2x2

6 , which is tight in the regime of our interest, (31)
simplifies to∣∣∣f0 − f̃0

∣∣∣ ≤ ∆fϕ ≜
2

π

√
6

(
1− 1√

2

)
· fc
M sin(ϕ)

, (32)

From (32), we deduce that on a frequency component f̃0
which is away from f0 by a factor of at least ∆fϕ, the IRS
gain response in the direction of ϕ drops below the peak
gain by at least a factor of 1/2. Therefore, (32) characterizes
the effective one-sided bandwidth for which appreciable array
gain (corresponding to the HPBW) can be obtained from the
IRS in the direction of ϕ. Since f̃0 can lie on either side of
the frequency component f0, (28) can be obtained by setting
Wϕ = 2∆fϕ and noting that Wϕ cannot exceed W . ■

We now make the following remarks based on Lemma 2:
1) The BW Wϕ corresponding to the HPBW of the beam

formed by the IRS in direction ϕ is independent of the
tuned frequency f0. This indicates that the IRS exhibits a
multi-directional response when it is tuned to any frequency
within this BW. However, Wϕ varies with ϕ because the
impact of the B-SP depends on ϕ, as characterized in (17).

2) Even if the entire BW W is allotted to a single UE located
at a physical angle of ϕ, the IRS provides the beamforming
gain to this UE only over an effective BW given by (28).

C. The Multi-directional Beamforming

Based on the preceding discussions, when the IRS is
tuned to reflect in direction ϕ1 at a particular frequency,
Lemma 1 characterizes its response across spatial directions,
while Lemma 2 captures its response as a function of different
frequency components within the BW. We now combine both
these results and provide the main result of this section, which
establishes the multi-directional beamforming property of the
IRS under the B-SP effect.

Theorem 1. Consider an M -element IRS-aided wideband
system operating over a bandwidth of W around the carrier
frequency fc. Let fL ≜ fc − W/2 denote the lower-edge
frequency component of the band, and suppose the IRS is tuned
to align with a cascaded angle ϕ1 on the 1st sub-band, whose
center frequency is

f ′1 ≜ fL+
Wϕ1

2
= fL+

2

π

√
6

(
1− 1√

2

)
· fc
M sin(ϕ1)

. (33)

Now construct the set Φϕ1
≜ {ϕ1, . . . , ϕLϕ1

} as follows:

ϕℓ = sin−1
(p)

{(
f ′1 + fc
f ′ℓ + fc

)
sin(ϕ1)

}
, ℓ = 2, . . . , Lϕ1

, (34)

Fig. 3: Illustration of multi-directional beamforming with B-SP effect.

where the frequencies {f ′ℓ}ℓ are given by

f ′ℓ = f ′1 + (ℓ− 1)

√
6

(
1− 1√

2

)
4fc

Mπ sin(ϕ1)
, (35)

for ℓ = 2, . . . , Lϕ1
and Lϕ1

is given by

Lϕ1 ≜

⌈
MW sin(ϕ1)

1.7fc

⌉
. (36)

Then, Φϕ1
constitutes a set of resolvable angles, i.e.,

|sin(ϕi)− sin(ϕj)| ≥ O
(

1
M

)
for i ̸= j, i, j = 1, 2, . . . , Lϕ1

,
and such that the normalized correlation response of the IRS
on the ℓth sub-band obeys

ρℓ,ℓ′ ≜
1

M2

∣∣aHM (ϕℓ)aM (ϕℓ′)
∣∣2={1, if ϕℓ′ = ϕℓ,

κ, if ϕℓ′ ̸= ϕℓ,
(37)

∀ℓ′ ∈ [L], where κ is a small number s.t. κ→ 0 as M → ∞.
Consequently, Lϕ1

in (36) is the number of resolvable beams
formed by the IRS when it is tuned to reflect in direction ϕ1.

Proof. We first note that the frequencies {f ′ℓ}
Lϕ1

ℓ=1 form an
arithmetic progression with a common difference precisely
equal to Wϕ1

, as characterized in Lemma 2. According to
Lemma 1, the angles {ϕℓ}

Lϕ1

ℓ=1 defined in (34) correspond to
the directions in which the IRS forms beams at frequencies
f ′ℓ, for ℓ = 2, . . . , Lϕ1 , when the IRS is actually configured to
reflect toward the direction ϕ1 at frequency f ′1.

Now, since Wϕ1 quantifies the effective sub-BW over which
the HPBW of the beam formed by the IRS extends, a fre-
quency separation of at least Wϕ1

between adjacent f ′ℓ ensures
that the corresponding beam directions ϕℓ are sufficiently
separated in the angular domain, i.e., by O(1/M), which
marks the Rayleigh resolution limit of the array. Consequently,
these directions become resolvable by the IRS, and hence
satisfy the resolvability condition given in (37).

Finally, the total number of resolvable beams formed by
the IRS across the entire bandwidth when it is tuned to reflect
toward ϕ1 at f = f ′1 can be obtained by taking the ratio of the
total bandwidth W to the effective sub-BW Wϕ1

associated
with the HPBW of a single beam. That is,

Nres =
W

Wϕ1

=
π

4

(√
6

(
1− 1√

2

))−1

·MW sin(ϕ1)

fc
, (38)

which, upon simplification and rounding up to the next largest
integer, denoted by Lϕ1

, gives the expression in (36). ■

From Theorem 1, we note that the number of resolvable
beams formed by the IRS, Lϕ, depends on the ratio MW/fc,
which is the term that controls the impact of the B-SP effect
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in (17). When MW/fc > 1, the number of beams formed
increases linearly with this ratio. On the other hand, when
the B-SP effect is negligible, MW/fc ≪ 1, and (36) yields
Lϕ = 1, which is consistent with the existing studies on IRS-
aided mmWave systems where the IRS beamforms to a given
UE over the full BW [4], [5], [8]. To illustrate Theorem 2
in a practical case, consider a 5G NR compliant IRS-aided
mmWave system with M = 1024, W = 400 MHz, ϕ = 90◦,
and fc = 30 GHz. Then, using (36), we get Lϕ ≈ 8; which
means the IRS can beamform up to 8 resolvable directions at
the same time; each covering a BW equal to 400/8 = 50 MHz
and spanning the HPBW of a beam. Theorem 1 is pictorially
illustrated in Fig. 3.

Capitalizing on the multi-directional beamforming, we next
propose the opportunistic OFDMA scheme that exploits the
B-SP effect of the IRS to maximize the system throughput.

IV. EXPLOITING BEAM SPLIT VIA OPPORTUNISTIC
OFDMA

Since the B-SP effect causes a degradation in the achievable
array gain over the BW if a single UE were to be scheduled
over the entire BW, we propose to adopt an OFDMA frame-
work wherein we schedule multiple UEs on different SCs.
This fits naturally into the constraints imposed by the B-SP
effect since no single UE is typically allotted the full BW.
This motivates us to exploit the B-SP effect and enhance the
throughput via an opportunistic OFDMA scheme.

To this end, we first solve for the optimal scheduler SCH(·)
in (P0) and then analyze the effectiveness of OFDMA in
exploiting the B-SP effect to enhance the system performance.

A. The Opportunistic OFDMA for Exploiting the Beam-Split

From (P0), we note that the scheduler SCH(n, t) is de-
coupled across all N SCs and T time slots; thus it can be
equivalently posed as solving NT independent optimization
problems with the solution to SCH(n, t) depending on only
the nth SC and tth time slot. Then, invoking the monotonicity
property of the log(·) function, the optimal scheduler that
solves (P0) is one that maximizes the channel gain on each
SC in every slot, i.e.,

∀n ∈ [N ], t ∈ [T ], SCHopt(n, t) = argmax
k∈[K]

|H(k, t, fn)|2,

(39)
and scheduler which implements (39) is referred to as the
max-rate scheduler in the rest of this paper. We call the
overall scheme opportunistic OFDMA because the system
opportunistically schedules different UEs across the system
BW and time to maximize the aggregate throughput, for a
given IRS configuration (or sequence of configurations over
time). However, note that different IRS configurations can lead
to different scheduling outcomes and throughputs. Hence, we
propose to randomly configure the IRS from a distribution that
is aware of the channel model in every time slot [35]. Now,
since the UEs are randomly located, we model the sine of the
cascaded angle at different UEs as a uniform random variable:

φC
k ≜ sin(ϕk)

d
= φ̃C i.i.d.∼ U [−1, 1], (40)

Fig. 4: Illustration of opportunistic OFDMA by exploiting the B-SP.
Different colors indicate different frequency sub-bands.

where d
= stands for “equal in distribution” [31]. Then, us-

ing [35, Sec. III.C], the random IRS configurations are sam-
pled independently across slots as

ϑm(t) = π(m− 1)a(t), a(t)
i.i.d.∼ U [−1, 1], t ∈ [T ]. (41)

Note that the support of a(t) in (41) represents the long-term
cascaded angular range of the UEs’ channels, as characterized
in (40). If this cascaded angular range is known to lie within a
different fixed interval, the corresponding long-term statistics
can be acquired using the techniques in [36], and subse-
quently incorporated into the sampling distribution in (41).
Further, [37] shows that randomly sampling the IRS phase
angles according to (41) is throughput-optimal in a narrowband
setting.4 In this work, we continue to employ sampling the
random phases as per (41) for the wideband setting as well, for
three reasons: (a) each SC can still be treated as a narrowband
channel at each UE, so sampling according to (41) remains
valid; (b) the scheme which uses (41) is simple and requires no
coordination with the BS; and (c) as we will show analytically
in Theorem 2 and numerically in Sec. V, (41) is sufficient to
achieve the full array gain across the entire operating BW.

Now, to illustrate how the B-SP effect can be exploited,
using (41) in (19), we deduce that the channel gain at the kth
UE on the nth SC at time slot t is given by

|H(k, t, fn)|2=M2
∣∣γCk ∣∣2sinc2(M (

a(t)− φC
k

(
1 +

fn
fc

)))
.

(42)
Then, for a given a(t) at slot t ∈ [T ], on every SC n ∈ [N ],
if there exists at least one UE-k∗(t, n) ∈ [K] such that

a(t)− φC
k∗(t,n)

(
1 +

fn
fc

)
≈ 0, (43)

we can nearly achieve the maximum array gain of M2 for ev-
ery t ∈ [T ] and n ∈ [N ] by scheduling UE-k∗(t, n). This way,
in mmWave bands with large bandwidth, each SC can obtain
the optimal array gain of M2 in every time slot by exploiting
multi-user diversity. This is illustrated in Fig. 4. In Sec. IV-B,
we formally show that under the B-SP effect and with a large

4In the narrowband regime, a similar principle applies: when the IRS
phases are randomly chosen, at least one UE will observe the IRS configura-
tion that is nearly aligned with its BF direction. Then, scheduling that UE for
data transmission yields the full IRS array gain. In [37], for the narrowband
case, a variational functional optimization problem was solved to determine
the optimal sampling distribution for the IRS phases.
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number of UEs, at least one UE almost surely achieves the
full array gain on every SC and time slot. Subsequently, we
use this to analyze the achievable throughput of the above-
described opportunistic OFDMA scheme in Sec. IV-D.

B. Eliminating B-SP via Multi-user Diversity Almost Surely

To facilitate further analysis, we define the normalized array
gain, GM (k, t, n), achieved by UE-k on SC-n in slot t via an
M -element IRS whose configurations are randomly chosen
according to (41) as

GM (k, t, n) ≜
|H(k, t, fn)|2

M2
∣∣γCk ∣∣2 ∈ [0, 1], (44)

with GM (k, t, n) = 1 implying that a full-array gain is
obtained. We then have the following theorem.

Theorem 2. Consider an M -element IRS-aided wideband
system with N subcarriers and K UEs whose cascaded angles
via the IRS satisfy (40). Then, if the IRS phase configurations
are randomly sampled as per (41), the normalized array gain
defined in (44) satisfies: ∀t ∈ [T ],

lim
K→∞

Pr

(
N⋂
n=1

K⋃
k=1

{
φC
k ∈ [−1, 1] : GM (k, t, n) = 1

})
= 1.

(45)
As a result, the IRS almost surely provides the full array gain
of M2 (possibly at different UEs) over the entire BW, i.e.,

Pr
({

lim
K→∞

∀t ∈ [T ],∀n ∈ [N ],∃ k∗(t, n) ∈ [K] :

|H(k∗, t, fn)|2 =
∣∣γCk∗ ∣∣2M2

})
= 1, (46)

where k∗(t, n) denotes UE selected at slot t and SC n.

Proof. To prove (45), by using the continuity of probability,
it suffices to show that

Pr

(
lim
K→∞

N⋂
n=1

K⋃
k=1

{
φC
k ∈ [−1, 1] : GM (k, t, n) = 1

})
= 1,

(47)
which means to establish that as K → ∞, the event AK ≜
N⋂
n=1

K⋃
k=1

{
φC
k ∈ [−1, 1] :GM (k, t, n)=1

}
occurs almost surely.

Now, by invoking a result from [38, Sec 7.2, Lemma 10(a)],
a necessary and sufficient condition for (47) to hold true can
be rewritten as: ∀ϵ > 0,

Pr

(
lim
K→∞

sup

N⋃
n=1

K⋂
k=1

{
φC
k : |GM (k, t, n)− 1| > ϵ

})
= 0.

(48)

Define the event Aϵ
K ≜

N⋂
n=1

K⋃
k=1

{
φC
k :|GM (k, t, n)− 1| ≤ ϵ

}
.

Then the probability of its complementary event is given by

Pr ((Aϵ
K)

c
) = Pr

(
N⋃
n=1

K⋂
k=1

{
φC
k : |GM (k, t, n)− 1| > ϵ

})
(a)

≤
N∑
n=1

Pr

(
K⋂
k=1

{
φC
k : |GM (k, t, n)− 1| > ϵ

})

(b)
=

N∑
n=1

K∏
k=1

Pr
({
φC
k : |GM (k, t, n)− 1| > ϵ

})
, (49)

where in (a), we used the union-bound over the events
associated with all the N -SCs, and in (b), we used the fact that
the events Aϵ,k,n

K ≜
{
φC
k : |GM (k, t, n)− 1| ≤ ϵ

}
(and their

complements) are independent across k ∈ [K]. In the sequel,
we characterize the probability of Bϵ,k,nK ≜

(
Aϵ,k,n
K

)c
, the

complementary event of Aϵ,k,n
K . To this end, note that

Bϵ,k,nK

(c)
=
{
φC
k : sinc2

(
M

(
a(t)−

(
1 +

fn
fc

)
φC
k

))
≤ 1− ϵ

}
(d)
=

{
φC
k ∈ [−1, 1] :

∣∣∣∣a(t)− (1 + fn
fc

)
φC
k

∣∣∣∣ ≥ √
3ϵ

πM

}

=

{
φC
k ∈ [−1, 1] : φC

k /∈

(
a(t)±

√
3ϵ

πM

)/(
1 +

fn
fc

)}
,

(50)

where in (c), we used the expressions in (44) followed by (42),
and in (d), we used the Taylor’s approximation: sinc2(x) ≈
1− π2x2/3, which is tight under the regime of interest to us.
Now, since φC

k ∼ U [−1, 1], we can show that

Pr
(
Bϵ,k,nK

)
= 1−

√
3ϵ

πM
(
1 + fn

fc

) (e)

≤ 1−
√
3ϵ

πM
(
1 + W

2fc

) ,
(51)

where we noted that |fn|≤W/2, n ∈ [N ]. Using (51) in (49),
we obtain

Pr ((Aϵ
K)

c
) ≤ N

1−
√
3ϵ

πM
(
1 + W

2fc

)
K

. (52)

Now, consider the infinite sum:

P ϵ∞ ≜
∞∑
K=1

Pr ((Aϵ
K)

c
)
(e)

≤ N

∞∑
K=1

1−
√
3ϵ

πM
(
1 + W

2fc

)
K

(g)
= P ϵ,U∞ ≜

πNM
(
1 + W

2fc

)
√
3ϵ

, (53)

where in (e), we used (52), and in (g), we used the formula
of an infinite geometric series. Now since we have ∀ϵ > 0,
0 ≤ P ϵ∞ ≤ P ϵ,U∞ < ∞, by using Borel-Cantelli Lemma [38,
Sec 7.3, Theorem 10(a)], we deduce that

∀ϵ > 0, Pr
(

lim
K→∞

sup (Aϵ
K)

c
)
= 0, (54)

which proves the statement in (48). Consequently, we have

Pr
(

lim
K→∞

AK

)
=Pr

(
lim
K→∞

N⋂
n=1

K⋃
k=1

{
φC
k :GM (k, t, n)=1

})
=1,

(55)
which completes the proof of (45). Note that this holds for all
time slots t ∈ [T ]. Finally, using the sequential definition of
the almost sure convergence of random variables in (47), the
result in (46) follows. Importantly, (46) rigorously shows that,
in every slot and SC, despite exhibiting a B-SP, the IRS will
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provide a full-array gain to at least one UE when the number
of UEs is large. This completes the proof. ■

Theorem 2 establishes that, by positively exploiting the B-
SP effect, on every SC and every time slot, the channel gain
for at least one UE will achieve the full IRS array gain of
M2, even when UEs are randomly located. In retrospect, this
result stems from the multi-directional beamforming capability
induced by the B-SP effect, as characterized in Theorem 1,
which allows the IRS to simultaneously form distinct beams
over different frequency components.

Remark 3 (On the number of subcarriers). Theorem 2 shows
that, across all frequency components within the total BW,
at least one UE attains the full array gain. However, since
practical OFDM systems employ a finite number of SCs, the
smallest frequency unit that can be allotted has a BW equal to
the SC spacing. In our analysis, we assume that the SC spacing
is sufficiently small for the variation in channel gain due to
residual B-SP/B-SQ effects within each SC to be negligible,
allowing the channel gain to be treated as approximately
constant within an SC. For instance, by requiring that the
gain over the entire SC remains at least a (1− ϵ) fraction (for
some small ϵ ∈ (0, 1)) of the gain at its center frequency in
(17), one can determine an appropriate number of SCs for a
near-flat response within an SC.

C. How Many UEs are Sufficient in Practice?

In the previous section, we theoretically proved that we
can obtain full array gain from the IRS as K → ∞. A
related question of practical interest is: How many UEs are
sufficient for the near-beamforming condition to hold with high
probability? We answer this next.

Proposition 1. Let ϵ, δ ∈ (0, 1) be small positive constants.
Consider an IRS-aided wideband system with M reflecting ele-
ments, N subcarriers spanning a total bandwidth of W around
a carrier frequency of fc. Under the setting of Theorem 2, if
the number of UEs, K, satisfies

K ≥ K∗ ≜ −
ln

(
N

δ

)
ln

(
1−

√
3ϵ

πM (1 + (W/2fc))

) , (56)

then, with probability at least 1−δ, there exists at least one UE
on every subcarrier that achieves an array gain of (1−ϵ)M2.

Proof. We first define the “(1− ϵ)M2 success event”:

Eϵk,n ≜
{
φC
k ∈ [−1, 1] : GM (k, t, n) ≥ 1− ϵ

}
, (57)

that denotes the event that the array gain via the IRS on SC-
n at UE-k is at least (1 − ϵ)M2 at some time t. Since the
success of the overall scheme is determined by obtaining a
near-optimal array gain for at least one UE, we define the
overall probability of (1− ϵ)M2 success event as

P ϵsucc ≜ Pr

(
N⋂
n=1

K⋃
k=1

Eϵk,n

)
. (58)

Note that the above probability is exactly the probability of
the event, Aϵ

K defined after (48) in the proof of Theorem 2.
Thus, by directly using the expression given in (52), we get

P ϵsucc ≥ 1−N

1−
√
3ϵ

πM
(
1 + W

2fc

)
K

. (59)

Finally, by substituting for P ϵsucc = 1−δ, and upon rearranging
the terms above, we obtain the desired expression in (56). ■

Based on Proposition 1, to effectively exploit the B-SP
effect and obtain full array gain over the BW, the minimum
number of UEs, K∗, scales as follows:
1) As δ decreases, we target a higher probability of success.

For this, the number of UEs scales as O(ln(1/δ)). In
particular, as δ → 0, K∗ → ∞, consistent with Theorem 2.

2) Reducing ϵ corresponds to a lower tolerance for degra-
dation in the achievable array gain of M2. This, in turn,
requires K∗ to scale roughly as O(

√
1/ϵ) so that at least

one UE aligns closely with the IRS beam direction. This is
again consistent with Theorem 2. (see also [39, Prop. 2].)

3) As either M (the number of IRS elements) or W (system
BW) increases, the B-SP effect becomes more pronounced,
leading to a larger number of IRS-formed beams, in accor-
dance with Theorem 1. Consequently, more UEs are needed
so that at least one can be scheduled for each distinct beam
formed by the IRS. In fact, when MW/2fc ≫ 1, we can
approximate − ln(1 − x) ≈ x in the denominator of (56),
and observe that K∗ ∼ Ω (MW/fc) ∼ Ω(L90◦), where
L90◦ is the number of resolvable beams formed by the IRS
as given in (36) with ϕ = 90◦. This is because the system
requires at least as many UEs as the maximum number of
resolvable beams formed by the IRS via the B-SP effect.

We note that the requirement on the number of UEs in our
design aligns well with current wireless system practices and
does not represent an additional requirement specific to our
study. Notably, one of the key wireless use-cases is massive
machine-type communications (MMTC), which is envisioned
to support 106 users per km2 [40].5

D. Achievable Throughput
Having established that the B-SP effect enables full array

gain at different UEs across the BW, we now derive the achiev-
able throughput under the opportunistic OFDMA scheme
described in Sec. IV-A when ᾱ is modeled as a deterministic
channel with |ᾱ|2 = ρ1 [37], while β̄k ∼ CN (0, ρ2,k) repre-
sents a Rayleigh fading channel. Here, ρ1 and ρ2,k denote the
respective path losses. For analytical tractability, we assume
that all UEs experience identical path loss, similar to [41].

Theorem 3. The system throughput, denoted by R(K), of an
OFDMA scheme in a randomly configured (as per (41)) large
IRS-aided wideband system using a max-rate scheduler (as
per (39)) and equal power allocation across all SCs satisfies

lim
K→∞

(
R(K)−O

{
W log2

(
1 +

ρP

Nσ2
NtM

2 lnK

)})
= 0,

5For example, in a small cell of radius 100 m and a user activity rate
of 10%, there will be a few hundred active UEs at a given time; roughly the
scale of the number of UEs we consider in this work.
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where ρ ≜ ρ1ρ2 is the cascaded path loss across the UEs
(ρ2 = ρ2,k,∀k), and other symbols are as defined earlier.

Proof. Note that the throughput under equal power allocation
across all SCs (from (P0)) with a max-rate scheduler is

RMR ≜
1

T

T∑
t=1

N∑
n=1

W

N
log2

(
1 +

P

NtNσ2
max
k∈[K]

|H(k, t, fn)|2
)
.

(60)
Now, considering that the channels are jointly stationary and
ergodic and using Jensen’s approximation over the log2(·)
function, we simplify (60) as RMR ≈

R(K) ≜
N∑
n=1

W

N
log2

(
1 +

P

NtNσ2
E
[
max
k∈[K]

|H(k, t, fn)|2
])

.

(61)
To characterize the expectation in (61), using (42), we can
show that |H(k, t, fn)|2=

M2N2
t ρ1ρ2

∣∣γ̃Ck ∣∣2 sinc2(M (
a(t)− φC

k

(
1 +

fn
fc

)))
,

(62)

with γ̃Ck ≜ γCk /
√
ρ1ρ2Nt, so that γ̃Ck

i.i.d.∼ CN (0, 1). From
Theorem 2, as K → ∞, we know that on every SC, at least
one UE will be in near-beamforming configuration. Then, the
maximum of the terms given in (62) is the maximum over the
channel gains among those UEs for whom the IRS phases are
in near-beamforming configurations (i.e., for those UEs for
whom |H(k, t, fn)|2=M2N2

t ρ1ρ2
∣∣γ̃Ck ∣∣2). Thus, we have

E
[
max
k∈[K]

|H(k, t, fn)|2
]
≈M2N2

t ρ1ρ2E
[
max
k∈[K]

∣∣γ̃Ck ∣∣2]+O(1).

(63)
Now, to characterize the expected value of the order statistic
in (63), we first recognize that

∣∣γ̃Ck ∣∣2 is an exponential random
variable with mean 1, and then by using results from extreme
value theory [35, Lemma 3], we can show that, for large K,
maxk∈[K]

∣∣γ̃Ck ∣∣2 grows as lK , where F (lK) = 1 − 1
K with

F (z) = 1−e−z , which is the cumulative distribution function
of a unit mean exponential random variable. Then, using the
value of lK = lnK in (63), and substituting the resulting
expression in (61), we can show that the throughput scales as

R(K) ≲W log2

(
1 +

ρP

Nσ2
NtM

2 lnK

)
, (64)

which is restated in the statement of the theorem. ■

Theorem 3 establishes that, by exploiting the B-SP effect at
the IRS, a channel gain of O(M2) can be achieved on all SCs.
Moreover, in fading channels, an additional SNR gain that
scales as O(lnK) arises from multi-user diversity, analogous
to the scaling obtained in sub-6 GHz systems in [35, Theorem
4], on top of the array gain from the BS antenna array,
which scales linearly with Nt. Thus, by utilizing opportunistic
scheduling, the system can achieve a throughput comparable
to that of a network that is effectively transparent to the B-SP
phenomenon at the IRS.

Remark 4 (Tuning of fairness). In general, opportunistic
scheduling schemes with the max-rate metric do not ensure
fairness in the scheduling of UEs. Fairness can be ensured by
employing, e.g., a proportional-fair (PF) scheduler [42], which

provides a tunable trade-off between throughput and fairness
in UE scheduling. This paper focuses on max-rate scheduling
to highlight the idea of exploiting the B-SP effect; however,
the analysis can be extended to other scheduling strategies as
well. For e.g., our prior work [35] investigates PF scheduling
with randomized IRS in a narrowband setup.

E. Exploiting Beam-Split Effects in Near-Field Systems

Until the previous subsection, we assumed that all nodes lie
in the far-field of both the BS and IRS arrays, implying that
the transmitted and received wavefronts at these arrays can be
well approximated as planar. To a first-order approximation,
this assumption holds provided that (i) the distance between
the IRS and the UEs exceeds the Rayleigh distance of the IRS,
dIRS

Rayleigh, and (ii) the distance between the BS and IRS exceeds
both the Rayleigh distance of the IRS, dIRS

Rayleigh, and that of the
BS, dBS

Rayleigh. The Rayleigh distance of an array is defined as

dX
Rayleigh = 2D2

X

/
λc, X ∈ {BS, IRS}, (65)

where DBS and DIRS denote the aperture lengths of the BS
and IRS arrays, respectively, and λc is the carrier wavelength.

When the above conditions are not satisfied, the impinging
and reflected signals exhibit spherical wavefronts, and the
system operates in the radiative near-field regime. In the fol-
lowing, we discuss how the proposed opportunistic OFDMA
can be extended to account for such near-field effects. Since
the IRS typically has a much larger aperture than the BS (for
reasons discussed in Sec. I-A), we focus on the practically
relevant scenario where both the BS and the UEs lie in the
near-field of the IRS. The IRS itself, however, may be located
in either the far-field or near-field of the BS array [43].

In the near-field regime, the delay components of the
IRS-assisted channel in (5) and (6) must include second-
order distance-dependent terms to account for the spherical
wavefront of the signal impinging on the IRS. As before,
let ψ and ωk denote the DoA and DoD at the IRS from
the BS and UE-k, respectively, and let r1 ≤ dIRS

Rayleigh and
r2,k ≤ dIRS

Rayleigh denote the distances from the IRS to the BS
and UE-k, respectively. Using the near-field channel model
in [44], and assuming an appropriate timing-advance-based
precoder at the BS, similar to that in Sec. II-C, the overall
channel gain at UE-k on baseband frequency f via the IRS
can be simplified as in (66)-(67). In step (a), we define the
cascaded angle at UE-k as ϕk ≜ sin−1

(p)( sin(ψ) − sin(ωk)),
set dIRS = λc/2, and introduce the distance-ring parameters
Υ1 ≜ cos2(ψ)

2r1
, and Υ2,k ≜ cos2(ωk)

2r2,k
. To illustrate the B-

SP effect in the near-field regime, we first tune the IRS to
coherently focus energy toward UE-k at the center frequency,
yielding the IRS phase configuration:

ϑm = π

(
−(m− 1) sin(ϕk) + (m− 1)2

λc
2
(Υ1 +Υ2,k)

)
.

(68)
Letting ΥC

k ≜ Υ1 + Υ2,k and substituting (68) into (67), the
resulting channel gain is |Hk(f)|2=∣∣γCk ∣∣2 ∣∣∣∣∑M

m=1
ejπ

f
fc
{(m−1) sin(ϕk)−(m−1)2 λc

2 ΥC
k}
∣∣∣∣2 . (69)



12

|Hk(f)|2 =
∣∣γCk ∣∣2

∣∣∣∣∣∣∣∣
N∑
m=1

e
−j2π(f+fc)

−
dIRS

c
(m−1){sin(ψ)−sin(ωk)}+

(m− 1)2d2IRS

c

cos2(ψ)

2r1
−
cos2(ωk)

2r2,k



× ejϑm

∣∣∣∣∣∣∣∣
2

(66)

(a)
=
∣∣γCk ∣∣2

∣∣∣∣∣
M∑
m=1

e−jπ(1+
f
fc
){−(m−1) sin(ϕk)+(m−1)2 λc

2 (Υ1+Υ2,k)} × ejϑm

∣∣∣∣∣
2

(67)

It is evident from (69) that, unless f = 0 or ϕk = ΥC
k = 0,

the above summation does not attain its peak value of M . This
condition is analogous to that in the far-field case in (17),
with the additional requirement that the distance-dependent
parameter ΥC

k must be 0. In particular, as r1, r2,k → ∞,
we have ΥC

k → 0, which corresponds to the far-field regime,
and the condition for achieving the full array gain reduces to
that in (17). Evaluating (69) in closed form is mathematically
involved and requires Fresnel integrals; for e.g., see [45].

Motivated by this observation, instead of tuning the IRS to
a particular UE over the entire BW, similar to (41), in the
near-field, we randomly sample the IRS phase configuration
as ϑm(t) =

π

(
−(m− 1)a(t) + (m− 1)2

λc
2

(
Υ1 +

1− a2(t)

2b(t)

))
,

(70)

where a(t) i.i.d.∼ U [−1, 1] and b(t)
i.i.d.∼ U [0, dIRS

Rayleigh], ∀t ∈
[T ]. 6 Then, for a given realization of (a(t), b(t)), at time t
and on SC n, if there exists a UE-k∗(t, n) ∈ [K] such that

a(t)− sin(ϕk∗(t,n))

(
1 +

fn
fc

)
≈ 0, and, (71)

1− a2(t)

2b(t)
−Υ2,k∗(t,n)

(
1 +

fn
fc

)
≈ 0, (72)

then the full IRS array gain of M2 can be nearly achieved on
that SC by scheduling UE-k∗(t, n). These conditions indicate
that, to exploit the B-SP effect, on each SC, a UE whose
angle-distance pair aligns most favorably with the randomized
IRS response will be scheduled. Consequently, through such
opportunistic OFDMA, the IRS provides full beamfocusing
gain of M2 on every SC. See Fig. 5 for an illustration.

Similar to Theorem 2, one can show that the conditions
in (71) and (72) occur with probability one as K → ∞; we
omit the details due to space constraints.

F. Signal Processing Complexity in the Implementation

We now discuss several signal processing merits related
to the practical implementation of the proposed opportunistic
OFDMA scheme with randomly configured IRS phases.
1) Low-overhead feedback for opportunistic scheduling:

In our proposed scheme, to implement the opportunistic
scheduler, the BS should know the index of the UE with
the best channel gain on each SC. This can be obtained
using efficient, low-complexity feedback schemes on an
SC-by-SC basis. For e.g., the timer-feedback mechanism

6In (70), the parameter Υ1, which depends on the fixed BS-IRS geometry,
is assumed known at the IRS and can be readily obtained in practice.

(

(

(

Fig. 5: Exploiting B-SP effect in near-field.

in [46] uses a single pilot, and on every SC, the UE with the
best channel quality feeds back to the BS earlier than other
UEs. In this way, the BS acquires the necessary scheduling
information on every SC, and its overheads do not scale
with the number of UEs in the system.

2) IRS and control overheads: Traditional IRS optimization
frameworks incur substantial overhead due to (i) estimating
the cascaded BS-IRS-UE channel for every UE, (ii) running
a non-convex optimization to compute the IRS phases, and
(iii) transporting the optimized phases to the IRS controller.
The overhead of each step scales at least as O(M) per
scheduling interval. In contrast, our approach eliminates
all these overheads: the IRS draws its phases randomly and
locally, and the BS only requires a short feedback signal
from the “winning” UE on each SC.

3) Computational cost at the BS: The BS does not perform
any IRS-related optimization or high-dimensional chan-
nel estimation; its sole task is to identify, on each SC,
which UE’s feedback (e.g., timer expiration) arrives first
and schedule that UE for data transmission. This is the
complexity of standard OFDMA opportunistic scheduling
even in the absence of an IRS. Hence, our scheme offers
a low-complexity method for integrating an IRS in real-
time systems. However, if the long-term statistics of the
UEs’ channels change, it requires an update of the sampling
distribution; though, this happens occasionally.

In summary, the proposed scheme achieves full IRS array
gain with low hardware complexity, minimal signaling over-
head, and only coarse synchronization with the BS, making it
practical for wideband IRS-aided mmWave systems.

V. NUMERICAL RESULTS

We numerically illustrate the throughput enhancement ob-
tained by exploiting the B-SP effect in the mmWave bands
via OFDMA using Monte Carlo simulations. Unless stated
otherwise, all the simulation parameters are listed in Table I,
selected according to [29], [47]. The path loss is modeled as
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(a) Heat map of the normalized array gain as a function of angle & frequency. (b) Envelop of the normalized array gain vs. SC frequency.

Fig. 6: Illustrating the multi-directional beamforming property when the IRS is tuned to ϕ = 90◦.

(a) Heat map of the normalized array gain as a function of angle & frequency. (b) Envelop of the normalized array gain vs. SC frequency.

Fig. 7: Illustrating the multi-directional beamforming property when the IRS is tuned to ϕ = 50◦.

TABLE I: Simulation configurations.

Simulation parameter Value
The number of BS antennas, Nt 64
The number of IRS elements, M 1024

The number of UEs, K Varied from 1 to 104

Carrier frequency, fc 30 GHz
Bandwidth, W 400 MHz

The number of SCs, N 1024
BS and IRS locations (0, 0) and (100, 100), resp.

UE angle distribution, R U [50◦, 90◦]
Transmit power, P 40 dBm

Noise variance at UE, σ2 −120 dBm
Path loss exponent in BS-IRS link 2
Path loss exponent in IRS-UE link 2.2

PL = C0 (d0/dlink)
µlink , where C0 = −60 dB is the path loss

at the reference distance of d0 = 1 m, dlink is the link distance,
and µlink denotes the link path loss exponent.

A. Multi-Directional Property of the IRS under B-SP Effect

We first illustrate the multi-directional beamforming prop-
erty of the IRS given in Theorem 1 under the B-SP effect.

In Fig. 6a, we present a heatmap of the normalized array
gain as a function of angle and subcarrier frequency in the
baseband domain. The values along the x-axis represent the

angles specified in Theorem 1. From the heatmap, we observe
that the IRS indeed reflects its energy in different directions
as we sweep across the BW.

In Fig. 6b, we plot the normalized gain of the IRS as a func-
tion of SC frequency when it is configured to reflect toward
ϕ = 90◦ at the center frequency, fn = 0. Each curve, labeled
Beam #1 to #8, represents the IRS response in a specific
direction, corresponding to the angles derived in Lemma 1 for
fn = 0, ϕ = 90◦, and f̃0 set to {f ′ℓ}

Lϕ

ℓ=1 determined using (35)
from Theorem 1. The figure shows that the IRS achieves full
array gain in different resolvable directions (i.e., the angles
which do not lie within the HPBW of the beam formed on
other angles) over distinct frequency bands centered around
the frequencies given by (35), thereby confirming that the IRS
exhibits multi-directional beamforming simultaneously across
multiple contiguous and non-overlapping sub-bands. Further-
more, the number of resolvable beams formed across the
system BW is 8 in this figure, which matches the theoretical
value derived in Theorem 1.

In Fig. 7a and Fig. 7b, we repeat the previous experiment
with the IRS now configured to reflect toward ϕ = 50◦ at
the center frequency fn = 0. Similar to the earlier case, we
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observe that the IRS provides beamforming gain in multiple
directions across different SCs, showing its ability to form
several resolvable beams over the BW. However, unlike Fig. 6a
and Fig. 6b, the number of beams formed across the system
bandwidth is smaller for ϕ = 50◦ compared to ϕ = 90◦.
This reduction arises because, as the reflection angle moves
away from 90◦, the signal experiences a relatively smaller
SDS through the IRS, as described in (11). Consequently,
the SWE and the resulting B-SP phenomenon become less
pronounced. According to Theorem 1, a weaker B-SP leads to
fewer resolvable beams. Thus, this experiment highlights that
both the beamforming capability of the IRS and the number of
beams it can form depend on the angle at which it is configured
to reflect at fn = 0.

B. Performance of Opportunistic OFDMA under B-SP Effect

Leveraging the multi-directional beamforming capability of
the IRS, we now turn our attention to demonstrating the
performance of the proposed opportunistic OFDMA scheme.

Figure 8 depicts the normalized array gain, averaged over
all UEs, as a function of the baseband SC frequency for the
following cases (as indicated in the figure legend):
1) Opportunistic OFDMA with fading: The IRS is ran-

domly configured as per (41), and UEs are scheduled using
a max-rate OFDMA scheduler with random channel fading.

2) Opportunistic OFDMA without fading: The IRS is
randomly configured and max-rate scheduling of UEs is
employed without channel fading, i.e., γCk is deterministic.

3) Benchmarking with TTD-based performance: A genie-
aided benchmark using a TTD-enabled IRS with round-
robin (RR) scheduling across the entire BW.

4) Round-robin SU-OFDM without fading: UPA/ULA: A
single UE is scheduled per time slot over the full BW using
RR scheduling, and the IRS is optimized for this UE at the
center frequency fn = 0, with the IRS implemented as (a)
an M/4× 4 UPA and (b) a ULA.

5) Max-min beamforming, RR SU-OFDM: A single UE
is scheduled per time slot across the full BW in an RR
fashion, and the IRS phases are chosen to maximize the
minimum channel gain over the BW [48], [49].

First, under RR scheduling, the array gain attains O(M2)
only at the center SC fn = 0 for both ULA- and UPA-
based IRSs, and degrades significantly at other SCs due to the
B-SP effect. This confirms that phase-shifter-based IRSs are
inherently inadequate for wideband beamforming. Although
an M/4×4 UPA-based IRS outperforms its ULA counterpart
with the same number of elements M due to a reduced B-
SP severity, it does not fully eliminate the performance loss.
In contrast, the scheme considered in this paper consistently
outperforms these baselines by effectively exploiting the B-
SP effect through multi-user diversity. When multiple UEs are
multiplexed using OFDMA, the average channel gain becomes
more uniform across the BW. In the absence of fading, the gain
remains flat at its peak value of O(M2). With channel fading,
the average gain further increases due to multi-user diversity
and exceeds the peak gain achieved under RR scheduling.
We also benchmark our approach against a genie-aided TTD-
based IRS, as discussed in Sec. I-B. The proposed scheme

Fig. 8: Avg. normalized array gain with K = 1000.

Fig. 9: Throughput vs. No. of UEs, K.

outperforms this benchmark also while relying on a practical
phased-array-based IRS and avoiding the complexity associ-
ated with TTD-enabled implementations. Finally, compared to
max–min beamforming schemes [48], [49], which maximize
the minimum array gain across SCs, the achieved gain by them
is significantly lower than the peak array gain, reflecting the
fundamental limitation of optimizing a single phase-shifter-
based IRS configuration jointly over a wide BW. Note that
optimizing the IRS to fn = 0 produces deep nulls in the
channel gain, which the max–min beamforming solution is
able to avoid, but at the cost of a lower channel gain across the
BW. In summary, the proposed approach provides an effective
solution for wideband IRS beamforming.

Next, in Fig. 9, we evaluate the system throughput as a
function of the number of UEs, K, for scenarios (1), (2), and
(4), outlined in the previous paragraph. In the RR case, the
rate falls short of the ideal scaling O(log2(M

2)) due to the B-
SP effect and remains constant with increasing K, since RR
scheduling does not exploit multi-user diversity. In contrast,
with a max-rate scheduler, the rate increases with K because
it opportunistically schedules the UEs with better channel
conditions. In the absence of channel fading, the throughput
exceeds that achieved under RR scheduling with as few as 20
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Fig. 10: Throughput vs. No. of IRS elements, M , for K = 5000.

Fig. 11: UE Scheduling over OFDM resource grid. R = [75◦, 90◦].

UEs and gradually converges to the optimal rate scaling of
O(log2(M

2)) for larger values of K (in fact, just K = 200
UEs are sufficient), in line with Theorem 2. When channel
fading is present, multi-user diversity yields an additional
gain, improving the rate to O(log2(M

2 lnK)), as predicted by
Theorem 3. These results demonstrate that by leveraging the
B-SP effect and employing opportunistic scheduling across the
SCs with multiple UEs, the proposed scheme achieves near-
optimal performance on all SCs simultaneously.

Next, in Fig. 10, we evaluate the effectiveness of the
proposed scheme by plotting the system throughput versus
the number of IRS elements (on a log-scale) for the three
scenarios. For small M , all curves exhibit a slope of 2W ,
indicating that the full array gain of M2 is realized across
all SCs spanning a BW of W . However, as M increases,
the B-SP effect becomes significant, causing the slope of the
RR scheduler curve to fall below 2W . In contrast, the slope
remains close to 2W for the max-rate scheduling scenarios,
confirming that the full array gain from the IRS is retained
across all SCs by exploiting the B-SP effect via opportunistic
scheduling. The vertical offsets between the curves with and
without fading reflect the additional rate gains from multi-user
diversity in the presence of fading, which scale as O(log lnK).

Finally, Fig. 11 illustrates a heatmap of UE scheduling
across time slots and SC frequencies, where each color
corresponds to the index of the UE scheduled on the as-
sociated time-frequency resource. For this experiment, we
consider 1024 SCs and 10 time slots and perform opportunistic
OFDMA over 50 UEs within the area. Through this plot, we
make the following two observations:

1) Fairness over time: Every UE within the angular coverage
region is scheduled over time, i.e., the scheduler is fair
across the UEs. Primarily, this is because the sampling
distribution of the IRS is designed to reflect signals to all
possible UE directions over time, and the BS schedules
UEs whose channels are best aligned with the IRS beam.

2) Contiguous SC allocation at a UE: A given UE is
scheduled on a contiguous set of SCs. Hence, (a) a UE
only needs to extract data symbols on a contiguous set of
SCs for further decoding, and not on any other isolated
SCs within the BW; (b) the channel gain at a UE on
the SCs on which it is scheduled is nearly equal; (c)
the signaling overhead for channel state information (CSI)
feedback from the UEs can be reduced, because the UEs
only need to convey the start and end indices of the SCs
where they observe high CSI; (d) similarly, the overhead
in downlink control information (DCI) channels where the
SC allocation is conveyed to the UE can also be reduced.

Thus, the proposed method is fair across all users and has low
complexity, making it attractive for practical implementation.

VI. CONCLUSIONS

In this paper, we demonstrated that the B-SP effect, which
is typically considered a limitation in IRS-aided wideband
systems, can instead be harnessed to enhance the system
performance. We first established that, under the B-SP effect,
the IRS exhibits a multi-directional beamforming property,
which enables the IRS to focus its reflected energy toward
different spatial directions on different SCs. Exploiting this
property of the B-SP effect, we showed that by employing an
OFDMA framework with a max-rate scheduling policy, it is
possible to almost surely achieve the full array gain of the
IRS on all SCs, provided a sufficiently large number of UEs
are present in the system. We then derived the corresponding
rate scaling laws and proved that the proposed scheme not
only achieves the optimal beamforming gain over the entire
BW, but also benefits from multi-user diversity, leading to
further performance enhancements. Finally, we discussed how
the idea extends to near-field systems and its low-overhead
nature. Future directions include integrating fairness-aware
UE scheduling, addressing quality-of-service requirements,
accounting for hardware impairments, extension to hybrid
near-far field cases [50], analysis with UE mobility, etc.
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