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Abstract—In this paper, we propose a novel noncoherent
reconfigurable intelligent surface (RIS)-assisted downlink ar-
chitecture aided by lightweight reflection pattern training as
well as noncohererent detection. More specifically, the proposed
scheme amalgamates the benefits of reflection pattern training
and differential modulation, which operate without any channel
estimation in each stage of RIS optimization and data detection,
hence combating the delay-induced limitations. The proposed
scheme achieves low training complexity and robustness over
the channel variation in comparison to the conventional RIS
optimization assuming the use of channel state information.
We demonstrate that the proposed scheme outperforms the
conventional coherent benchmarks.

Index Terms—noncoherent detection, overhead reduction, pat-
tern training, reconfigurable intelligent surface, training.

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) has the exclusive
benefits of low-cost passive reflection as a virtual relay
node [1–3]. Since millimeter-wave communication suffers
from the blockage of an obstacle due to its high path loss
and low refraction capability, the RIS technology may be
a promising solution to extend the coverage in a reliable
manner. By contrast, one of the most challenging issues for
the practical RIS operation is the substantial overhead needed
for controlling the RIS elements as well as the associated
increased communication latency [3–5]. To achieve optimal
phase shifts of each RIS element, perfect channel state in-
formation (CSI) between a base station (BS) and the RIS, as
well as that between the RIS and a user, is needed in addition
to complicated non-convex optimization based on the acquired
CSI. Furthermore, the CSI estimation with pilot transmissions,
as well as the non-convex optimization, has to be completed
sufficiently faster than channel coherence time. Note that the
associated overhead and latency increase upon increasing the
number of RIS elements.

In order to relax the limitations imposed by channel es-
timation and non-convex optimization, several beam-training
schemes were proposed for reducing overhead imposed by an
RIS control [6–8]. In [7], hierarchical training was proposed,
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where wide and narrow beam sectors are selected in order.
Also, in [8], the complexity imposed by RIS training is
reduced with the aid of a multi-mode grouping method that
supports moderate combining gain. Alternatively, random RIS
beamforming [9] allows us to dispense with CSI knowledge,
although the full RIS beamforming gain is unachievable.
More recently, in [10, 11], the RIS that is controlled by the
pulse width of an incoming wave is proposed to remove the
control voltage lines to each RIS element and symbol-level
synchronization between the BS and the RIS.

While the majority of the previous RIS studies assumed
the coherent detection at the receiver, several RIS-assisted
systems employed noncoherent detection [12–14], in order
to dispense with the channel estimation and reduce the pilot
overhead. In [12], the combination of differential modulation
and permutation modulation is exploited at the RIS for a
downlink scenario, and the receiver is allowed to detect the sig-
nal in a noncoherent manner. In [14], RIS-aided noncoherent
OFDM uplink is considered, where differential modulation is
employed at an uplink user while RIS relies on random phase
reflection at each element. However, the previous noncoherent
RIS schemes, such as [12–14], sacrifice the beneficial beam-
forming gain since associated CSI is unavailable to dispense
with channel estimation. More recently, in [15], the combina-
tion of differential modulation at a user and beam training of
RIS is proposed for an RIS-assisted uplink system, although
the presence of the direct user-to-BS link is assumed.1

Against the above-mentioned background, the novel contri-
bution of this paper is that we propose the noncoherent RIS-
assisted downlink architecture in the absence of an idealistic
direct BS-to-user link, in order to dispense with channel
estimation for both RIS optimization and data detection.2 More
specifically, the proposed scheme amalgamates the benefits
of differential modulation and pattern training, which oper-
ate without any channel estimation. The proposed scheme
achieves low training complexity and robustness over the
channel variation. We demonstrate the performance analysis
of the proposed scheme in comparison to the conventional
coherent counterpart.

The remainder of this paper is organized as follows. In
Section II, we introduce the system model of our RIS-
assisted noncoherent communication system. In Section III,
our simulation results of the achievable BER performance are
provided. Finally, in Section IV, this paper is concluded.

1Most recently, in [16], the tradeoff between the outdatedness of CSI and the
system performance is characterized by the effective capacity. Furthermore,
in [17], pilot overhead for estimation of uplink cascaded channel is reduced
in a sub-6-GHz scenario.

2In a millimeter-wave scenario, an RIS is typically expected to combat the
detrimental non-line-of-sight scenario (NLOS) while RIS does not have to be
activated in the presence of a stable direct link.
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Fig. 1. System model of our noncoherent RIS scheme.

II. SYSTEM MODEL

In this section, we present the channel model considered in
this paper. Then, our reduced-overhead RIS-assisted architec-
ture and its noncoherent detection are proposed.

A. Channel Model

We consider a downlink communication scenario, where a
single BS, an RIS, and a single-antenna user equipment (UE)
are supported, as shown in Fig. 1. The BS is equipped with a
uniform linear array (ULA) with M antenna elements, which
is placed along the x-axis, and the spacing between adjacent
antenna elements is given by dB. The RIS consists of a uniform
rectangular array with N passive reflecting elements, which
is installed perpendicular to the xy plane. Hence, we denote
Nx and Nz as the number of RIS elements along the x-axis
and the z-axis, respectively, hence having N = NxNz . The
separations of the RIS elements in the x- and z-directions are
given by dR

x and dR
z , respectively. We assume that the RIS is

controlled by a dedicated controller connected to the BS with
a high-speed, reliable optical link. The link between the BS
and the RIS and that between the RIS and the UE are modeled
as Rice fading, which is typically considered for millimeter-
wave communications [18]. Also, we assume that the channels
between the BS and the RIS are constant while the channels
between the RIS and the UE are affected by the Doppler effect
similar to [3]. Furthermore, the BS communicates with the UE
via the RIS in the absence of a direct link.

Channel coefficients between the BS and the RIS G ∈
CN×M and those between the RIS and the UE in the ith
time index hi = [h

(i)
1 , · · · , h(i)N ]T ∈ CN are represented,

respectively, by [15]

G =

√
LBR

κBR + 1
(
√
κBRḠ+ G̃) (1)

hi =

√
LRU

κRU + 1
(
√
κRUh̄i + h̃i), (2)

where LBR and LRU are the associated large-scale fading
coefficients, while κBR and κRU are the corresponding Rice
factors. Furthermore, Ḡ and G̃ denote the line-of-sight (LOS)
and NLOS components for the link between the BS and the
RIS. Similarly, hi and h̃i correspond to the LOS and NLOS

components for the link between the RIS and the UE. Hence,
the ith symbol sampled at the user is given by

yi = hTi ΩGw︸ ︷︷ ︸
ci

xi + ni ∈ C (i ≥ 1), (3)

where w ∈ CM represent the antenna weights at the BS,
having the power constraint of ∥w∥2 = Pt, and Pt denotes
the BS transmit power. Also, xi is an information symbol, and
ni represents the additive white Gaussian noise (AWGN) com-
ponent with the zero mean and a variance of σ2. Furthermore,
Ω ∈ CN×N is a diagonal matrix, whose nth entry represents
the reflection coefficient of the nth RIS element (1 ≤ n ≤ N ),
and we have ω = [ω1 · · · , ωN ]T = diag[Ω] ∈ CN . Then,
the cascaded end-to-end channel coefficient is defined by
ci = hTi ΩGw ∈ C.

Moreover, according to Clarke’s model [3], the NLOS
components of the channels between the RIS and the UE h̃i
are modeled by the random variables obeying complex-valued
Gaussian distribution CN (0, 1) with the zero mean and a unit
variance under the correlation of

E
[
h̃(l)n (h̃(m)

n )∗
]
= J0 (2πfd|l −m|) . (4)

Here, E[·] is the expectation operation and J0 represents the
first-order Bessel function. Furthermore, fd is the normalized
maximum Doppler frequency. The NLOS components of the
channels between the BS and the RIS G̃ are modeled by the
random variables of CN (0, 1).

By contrast, the geometric channel model [6] is employed
for characterizing each LOS component as follows:

Ḡ = aTB (ϑ, φ)⊗ aR(θ
r, ϕr) (5)

h̄i = exp(j2πifd cos θt)bR(θ
t, ϕt), (6)

where aR(θ
r, ϕr) ∈ CN denotes a receive array response

vector at the RIS, while θr ∈ [0, π] and ϕr ∈ [−π/2.π/2] are
the azimuth and elevation angle-of-arrival (AoAs) from the BS
to the RIS. Similarly, aB(ϑ, φ) ∈ CM and bR(θ

t, ϕt) ∈ CM
are the transmit array responses at the BS and the RIS,
respectively, where ϑ ∈ [0, π] and φ ∈ [−π/2, π/2] denote
azimuth and elevation angles-of-departure (AoDs) from the
BS, while θt ∈ [0, π] and ϕt ∈ [−π/2, π/2] are the azimuth
and elevation AoDs from the RIS to the user. Also, ⊗ denotes
the Kronecker product.

Furthermore, the array response vectors of aB(ϑ, φ),
aR(θ

r, ϕr), and bR(θ
t, ϕt) may be rewritten by

aB(ϑ, φ) = u(ψtB,M) (7)
aR(θ

r, ϕr) = u(ψrR,x, Nx)⊗ u(ψrR,z, Nz) (8)

bR(θ
t, ϕt) = u(ψtR,x, Nx)⊗ u(ψtR,z, Nz) (9)

where

u(ψ, i) = [1, e−jψπ, e−j2ψπ, ..., e−j(i−1)ψπ]T , (10)
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while we have

ψtB =
2dB

λ
cosϑ cosφ (11)

ψrR,x =
2dR
x

λ
cos θr cosϕr (12)

ψrR,z =
2dR
z

λ
sinϕr (13)

ψtR,x =
2dR
x

λ
cos θt cosϕt (14)

ψtR,z =
2dR
z

λ
sinϕt. (15)

Also, λ represents the wavelength.
We assume that the BS and the RIS remain unmoved,

and the LOS component associated with the channel be-
tween them is considered quasi-static. Hence, the beam at
the BS is fixed toward RIS to maximize the received LOS
component at the RIS by setting the antenna weights to be
w =

√
Pt/Ma∗B(ϑ, φ).

Furthermore, the fixed BS weights allow us to simplify
the cascaded channel as follows. First, let us define the LOS
component of the cascaded channel c̄i as

c̄i = ηh̄i
T
ΩḠw, (16)

where

η =

√
LBRκBR

(κBR + 1)

√
LRUκRU

(κRU + 1)
. (17)

Also, in the rest of this paper, u(ψtR,x, Nx) and u(ψtR,z, Nz)
are simply expressed as u(ψtR,x) and u(ψtR,z), respectively.
Then, c̄i is represented by [6]

c̄i = ηh̄i
T
ΩḠw (18)

= η
√
Pt/M h̄i

T
Ω(aHB (ϑ, φ)aB(ϑ, φ))aR(θ

r, ϕr) (19)

= λi
√
PtMbTR (θ

t, ϕt)ΩaR(θ
r, ϕr)

= λi
√
PtM(u(ψtR,x)⊗ u(ψtR,z))⊙ (u(ψrR,x)⊗ u(ψrR,z))ω

= λi
√
PtM(vTx ⊗ vTz )ω, (20)

where

λi = exp(j2πifd cos θt)η (21)
vx = u(ψtR,x)⊙ u(ψrR,x) (22)

vz = u(ψtR,z)⊙ u(ψrR,z), (23)

and ⊙ denotes the Hadamard product.
According to [6], the constraint of ω = ωx⊗ωz is imposed,

where ωx ∈ CNx and ωz ∈ CNz are decomposed RIS’s array
steering vectors in the x axis and in the z axis, respectively.
Then, (20) is rewritten by

c̄i = λi
√
PtM(vTx ⊗ vTz )(ωx ⊗ ωz) (24)

= λi
√
PtM(vTxωx)(v

T
z ωz) (25)

By setting ωx = v∗
x/∥vx∥ and ωz = v∗

z/∥vz∥, |c̄i|
is maximized to η

√
PtM∥vx∥∥vz∥. As shown in (25), the

trained horizontal (x-axis) and vertical (z-axis) RIS patterns
are decoupled. Hence, by assuming that ϕt = 0 is set and
known by the BS, we can focus our attention on the horizontal-

pattern training, similar to [6].

B. Reflection Pattern Training

Our RIS optimization consists of two steps, i.e., offline
pattern design and online pattern training. More specifically,
we prepare T RIS reflection patterns offline, i.e., in advance of
transmissions. A minimum correlation of each pattern pair is
minimized under the condition that minimum reflection gain to
all reflected directions is kept higher than a specific threshold.
Note that employing a low T value results in broad patterns.

In the proposed reflection pattern training scheme, one out
of T RIS reflection patterns is selected. More specifically, the
BS periodically transmits T reference symbols to the UE via
the RIS while changing the reflection patterns of the RIS in
each symbol interval. Then, based on feedback information,
the BS finally determines the best reflection pattern that
achieves the highest received power at the UE.

The conventional narrow-beam training of the RIS reflection
coefficients training, which is based on exhaustive search,
requires high pilot overhead, depending on the beam resolu-
tion [19]. Since the RIS is typically equipped with a large num-
ber of reflective elements, i.e., N ≫ 1, the training overhead
of the exhaustive search becomes significantly high. In order
to circumvent this limitation, our proposed scheme exploits
wide beam training with low training overhead T ≪ N at the
expense of the reduction in the received power at the user.

More specifically, the ith RIS reflection pattern (1 ≤ i ≤
T ) is designed for configuring a beam covering θt ∈ [π(i −
1)/T, πi/T ].

C. Differential Modulation and Noncoherent Detection

Having attained the BS weights and the RIS reflection co-
efficients above, now data transmission employing differential
modulation at the BS is introduced. This allows us to eliminate
CSI estimation at the user not only at the optimization stage
of the RIS coefficients but also for data detection. At the BS,
information bits are modulated onto the phase-shift keying
(PSK) symbols st (t ≥ 1), which are then differentially
modulated as follows: [20]

xt =

{
s0 t = 1
xt−1st−1 t ≥ 2

, (26)

where s0 is a reference symbol transmitted at the beginning
of data transmission.

From (26) and (3), we obtain

yi+1 = yisi + ni+1 − nisi (i ≥ 1), (27)

under the assumption that the cascaded channel remains
unchanged over the intervals of two symbols. Finally, the
information symbols are detected based on the maximum
likelihood detection as follows:

ŝi = arg min
∀s

|yi+1 − yis|2 (i ≥ 1). (28)

D. Overhead and Complexity Analysis

In this section, we characterize the pilot overhead and
the complexity imposed for calculating the RIS coefficients
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TABLE I
COMPARISONS OF PILOT OVERHEAD AND RIS OPTIMIZATION

COMPLEXITY BETWEEN THE PROPOSED AND BENCHMARK SCHEMES

Pilot overhead and delay Complexity
per coherent time

Proposed training- O(T ) O(T )
based algorithm
CSI-based O(N) O(M3 +N3.5)
(AO) algorithm [22]

in the proposed scheme. Here, we consider the benchmark
scheme that estimates N cascaded channels by sending N
pilot symbols while changing the RIS activation patterns. The
comparisons are listed in Table I.

In the proposed scheme, the RIS pattern optimization is
carried out every T pilot transmission, while the conventional
scheme typically requires N full pilot transmissions. Hence,
in the proposed scheme, decreasing the T value contributes
to the reduction of the pilot overhead and the delay, which
are imposed by the RIS pattern control. By contrast, in the
conventional CSI-based RIS control, non-convex optimization
is carried out based on the estimated CSI. However, since
the original rate-maximization problem of an RIS-assisted
communication scenario is typically non-convex, obtaining the
optimal solution is a challenging task [21]. Also, even in the
sub-optimal solution based on alternating optimization [22], it
imposes the complexity order of O(M3 +N3.5).

Furthermore, note that pilot symbols are inserted within
every coherent interval in the conventional scheme, the as-
sociated pilot overhead, delay, and complexity increase upon
increasing the channel’s time variation.

III. PERFORMANCE RESULTS

In this section, we provide our performance results to
demonstrate the achievable performance of the proposed
scheme. The conventional full-RIS optimization based on
pilot-assisted CSI estimation is employed as a benchmark.
The basic system parameters are selected as follows. A carrier
frequency and a symbol rate are set to 30 GHz and 120 kHz,
respectively. The RIS is placed horizontally on the x-axis from
point (5, 5, 0) m. The ULA at the BS is equipped with M = 8
antenna elements, which are placed along the x-axis from the
origin point. We assume that the user is randomly located
within a semicircle with a radius of

√
50 m from the RIS.

Large-scale fading coefficients are given by

LBR = ξ0(dBR/d0)
γBR (29)

LRU = ξ0(dRU/d0)
γRU , (30)

where dBR and dRU denote the distance between the BS and
the RIS and that between the RIS and the user while ξ is a
reference gain normalized for the distance of d0 = 1 m. Note
that, in this paper, the average SNR is defined as [6]

SNR =
PtLBRLRUN

2M

σ2
, (31)

where Pt is the transmit power at the BS. In our simulations,
we employed ξ0 = −62 dB, γBR = −2.3, γRU = −2, and
σ2 = −105 dBm.

SNR [dB]
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Fig. 2. BER comparisons between the proposed scheme and the benchmark
schemes. We consider the system parameters of (N,T ) = (16, 4), and the
Rice factor of each link is set to κBR = κRU = 10 dB. The velocity of the
UE is given by v = 7.5, 8, and 8.5 m/s.

Fig. 2 shows the achievable BER performance of the
proposed and benchmark schemes, where v is varied from
7.5 to 8.5 m/s, while we have the system parameters of
(N,T ) = (16, 4). Also, we consider κBR = κRU = 10 dB. We
also plotted the idealistic bound with no Doppler shift, where
perfect CSI is used for the RIS optimization and coherent
detection. For the benchmark scheme, the block length is set
to 34, and 16 pilot symbols are inserted at the beginning
of each block. Observe in Fig. 2 that regardless of the v
value, the proposed scheme achieved successful error-floor-
free curves. By contrast, the benchmark scheme suffers from
the error floor, whose level increases upon increasing v due to
the effects of the Doppler shift, where the RIS optimization,
as well as the coherent detection, is carried out based on the
outdated channel estimation. More importantly, the proposed
scheme reduced the pilot overhead by a factor of 25% in
comparison to the RIS pattern-training scheme.

Fig. 3 shows the BERs of the proposed scheme, where the
number of training patterns was given by T = 2, 4, 8, and 16,
where we have v = 10 m/s. Observe in Fig. 3 that the BER
performance monotonically improves upon increasing the T
value. More specifically, the SNR recorded for the BER of
10−4 with T = 4 exhibited 6-dB gain over that of T = 2.
This is because the high number of training patterns allows us
to have the high reflected beamforming gain at the sacrifice
of increased overhead and delay.

Furthermore, Fig. 4 shows the BERs of the proposed
scheme, where the Rice factor was varied from −10 dB to
5 dB, while maintaining κBR = κRU. Also, we consider v = 10
m/s. It was found that upon increasing the Rice factor, the BER
performance improved. This is achieved owing to our system
architecture, which is designed for millimeter wave scenarios
where the LOS paths are dominant.

Additionally, while our focus in this paper is on a single-
user scenario, the proposed scheme is readily applicable
to multiuser scenarios, similar to conventional wireless sys-
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Fig. 3. BER performance of the proposed scheme, where the number of
training symbol intervals is given by T = 2, 4, 8, and 16, while we have
N = 16 and v = 10 m/s. The Rice factor of each link is set to κBR =
κRU = 5 dB.
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Fig. 4. BER performance of the proposed scheme, where the Rice factor of
each link is given by κBR = κRU = −10 dB, −5 dB, 0 dB, and 5 dB, while
we have v = 10 m/s.

tems. For example, our RIS system can be straightforwardly
employed in time-division multiple access (TDMA) and
frequency-division multiple access (FDMA) scenarios.

IV. CONCLUSIONS

In this paper, we proposed the novel RIS-assisted non-
coherent downlink communication scheme. Owing to our
amalgamation of CSI-free RIS pattern training and differential
coding with noncoherent detection, the RIS control and data
communication are accomplished with reduced pilot over-
head. Our performance results demonstrated that the proposed
scheme outperforms the conventional benchmarks that require
channel estimation and non-convex optimization in terms of
BER performance.
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