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Abstract—Reconfigurable intelligent surfaces (RIS) offer sig-
nificant performance gains for terahertz (THz) multiple-input
and multiple-output (MIMO)-orthogonal frequency division mul-
tiplexing (OFDM) systems. However, channel estimation (CE) in
high-dimensional RIS channels remains challenging. This paper
proposes a compressed sensing (CS)-based CE method that
separates angle and gain estimation, reducing pilot overhead
and computational complexity. We leverage spatial path selection
enabled by designed beam and reflection patterns to reduce
dimensionality. Our method achieves over 35% pilot overhead
reduction and significantly improves computational efficiency,
while maintaining accuracy comparable to existing methods.

Index Terms—Reconfigurable intelligent surface (RIS), channel
estimation (CE), compressed sensing (CS), terahertz (THz).

I. INTRODUCTION

Terahertz (THz) communication, leveraging its vast band-
width, enables high data transmission rates in 6G [1]. How-
ever, the characteristics of high directionality and substantial
path loss restrict its optimal performance to line-of-sight links
[2]. The reconfigurable intelligent surface (RIS), capable of
transforming wireless communication channels, has garnered
significant attention in THz multiple-input multiple-output
(MIMO) systems [3] to mitigate these challenges. Nonetheless,
the large number of passive elements in the RIS and the wide
bandwidth characteristics of THz channels complicate channel
estimation (CE) and result in extremely large pilot overhead.

In recent years, compressed sensing (CS)-based CE methods
have been explored to reduce pilot overhead while achieving
satisfactory estimation performance. Orthogonal matching pur-
suit (OMP) [4] and OMP list (OMPL) [5] have been proposed
for efficient CE using CS in millimeter wave (mmWave)
MIMO systems considering the angle-domain sparsity. A
three-stage split estimation method [6], a novel cascaded CE
formula that splits the angle-domain grid of RIS [7], and a
Bayesian learning CE method [8] have also been developed.
Additionally, the impact of delay on the accuracy of THz
wideband CE has been discussed in [9], and pilot overhead
has been reduced by extrapolating the subchannels activated
by a subset of RIS elements to the complete channel [10].
The OMPL-SBL algorithm [11], balancing complexity and
accuracy in RIS-assisted mmWave MIMO systems, considers
the grid sparsity structure in the angle domain.

However, in orthogonal frequency division multiplexing
(OFDM) systems, the large number of subcarriers makes the

overhead of pilot signals and complexity difficult to sustain. To
address this challenge, a block sparse channel model amenable
to estimation via block orthogonal matching pursuit (BOMP)
has been proposed by utilizing the fact that different subcar-
riers share the same support [12]. However, the constructed
block sparse channel vector has a large dimension, maintaining
a high computational complexity. Notably, the wideband beam
squint effect is not considered in this paper as it can be
effectively alleviated by subcarrier grouping [13]. Besides,
the generalized simultaneous orthogonal matching pursuit (G-
SOMP) algorithm [14] leverages information from multiple
subcarriers, effectively restoring subcarrier channels.

This paper proposes a local subdivisional CE method with
high temporal efficiency for THz MIMO-OFDM systems. By
prioritizing the estimation of angles for each path, followed by
estimating path gains and delays based on angle information,
we significantly reduce complexity and pilot overhead. The
key contributions are summarized as follows:

1) RIS reflection patterns are designed for CS-based CE
in THz MIMO-OFDM systems, reducing pilot overhead
and complexity while improving accuracy;

2) The proposed three-stage method introduces spatial path
selection to reduce dimensions, with separate angle
estimation and gain estimation stages;

3) By leveraging path-wise estimation to mitigate the wide-
band effect, the proposed method achieves higher pilot
efficiency through a designed RIS switching scheme.

II. SYSTEM MODEL

This paper investigates a single-user THz MIMO system
aided by RIS. Both the user equipment (UE) and base station
(BS) are equipped with N, and N, antennas, arranged in
uniform linear arrays (ULAs). To address the challenge of high
path loss in terahertz channels, the RIS is deployed near the
BS [15]. The b-th subcarrier of the uplink cascaded channel
in an OFDM system with bandwidth B and center frequency
fe can be expressed as

HI[b] = Ho[b] ding(®)Hx[b], (1)

where diag(®) denotes the diagonal matrix of vector ®, and
® c CM>! represents the reflection vector of the RIS which
is an M = M, x M, uniform planar array (UPA). The
BS—RIS channel Hs and the UE-BS channel Hpy utilize
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a wideband geometric channel model [12]. Specifically, the
RIS-BS channel for the b-th subcarrier can be represented as
P
Hg[b] = Z ap baBs (Op,) arp (U5, @ZI)H e~ 2m o le ()
p1=1

where (-)" denotes the conjugate transpose. Here, P is the
number of RIS-BS paths, ap(¢p,) and agy (95, ¢h)
detailed in [12] respectively represent the BS and RIS array
response vectors, while ¢, , 19;1, and <p§,1 represent the arrival
angle at the BS and the departure azimuth and elevation angles
at the RIS. Additionally, 7, denotes the channel delay of
the p;-th path and f, represents the frequency of the b-th

subcarrier. Similar to Eq. (2), the UE-RIS channel Hy has

P>
HE[b] = apsars(V5,,95,) aus(®,) e 722l (3)
p2=1
where P is the number of UE-RIS paths while 9}, ¢, and
®,, respectively represent the azimuth and elevation angles of
arrival at the RIS, and the departure angle at the UE. a,, ;(®;,)
is the UE array response vector.

The extremely sparse nature of terahertz channels encour-
ages the adoption of spatial dictionaries in the angle domain
to construct a sparse virtual representation [7]. Consequently,
H¢[b] and HE[b] can be decomposed as

{Hc[b] = Dp[b]Qc[b)DR[b],
Hz[b] = Dg[b]Qg[0]D[b],

where Dg[b] € CV*N7 Dglb] € CM*M” and D, [b] €
CNexNY respectively represent the angle-domain spatial grid
dictionaries at the BS, RIS an(}v UE, contai~rling Nf’ , MP and
NP array response vectors. Q2¢[b] and Qg[b] represent the
sparse RIS-BS and UE-RIS angle domain channel matrices
with P; and P, non-zero elements, respectively. Given the
beamforming precoding matrix F and combining matrix W
as described in [7], the received signal for the b-th subcarrier
corresponding to the k-th reflection pattern is expressed as

Y [b] = WHHg[b] diag(®x)Hp[D]F + Ni[b],  (5)

where Yi[b] € CNP*N? s the received signal with NP
transmit beams at the UE and NTB receive beams at the BS,
respectively. Reviewing channel decomposition in Eq. (4) and
following the channel transformation conducted in [7], Eq. (5)
can be transformed as

yilt] = ((Crlbl@n) ©P(D;[] @ Dslb]) )i b +nclb], ©)

“4)

where ()T denotes the transpose, (-)* denotes the conjugate
and ® represents the Kronecker product. P £ FT @ WH
represents the precoding component, and Cr[b] £ (DL[b] ©
DRb))(:, 1 MP) denotes the compressed RIS angle-
domain spatial dictionary matrix, as described in [16], with
© representing the Khatri-Rao product. Additionally, s[b] €
CNINEMP g g sparse vector. Following [7], Eq. (6) is
transformed into

yi[b] = P(Dy,[b] @ Dp[b])wy[b] + ng[b], )

where wy[b] represents the combined sparse vector, which
according to [7] satisfies

wi[b] = > [Cr[b)®x]nsnlb], ®)

n=1

where [C[b]®],, is the n-th element of vector Cr[b]®. n
represents the indices of non-zero elements in C R[@J ®,. and
snlb] £ s[b] (n —1)NPNP +1:nNPNP). For Cg[b]®y,
each element represents the influence of the corresponding
angle-domain grid on the RIS for the specific paths, achieving
spatial path selection. Consequently, when an element in
CRr[b]® is zero, it indicates that the path corresponding to
the angle at the RIS is obstructed and unable to reach the BS.

III. PROPOSED METHOD

The overall framework of our proposed method is illustrated
in Fig. 1, where we initially perform spatial path selection to
obtain angle and delay information at the RIS, then design
corresponding RIS reflection patterns for path-wise estimation
to acquire angle information at the UE and BS, and finally,
we collectively obtain the path gains for all subcarriers.

A. Angle and Delay Estimation at RIS

This stage acquires angle and path delay information at the
RIS for subsequent CE, using specific subcarriers to minimize
overhead. The challenge is obtaining RIS angle-domain infor-
mation with minimal pilots. A general approach exhaustively
searches the RIS angle domain with K = M- D reflection pat-
terns [7], ensuring one non-zero element in Cg[b]® for M D
angle-domain grids. However, THz channel sparsity results
in fewer paths, making this approach inefficient. Exploiting
RIS angle domain sparsity, we design reflection patterns @y,
(Eq. (9)) to construct partially sparse Cpg[b]®,, enabling
region-based retrieval and spatial path selection:

(I)kl :F(:vkl)a 9

where F(:, k1) is the k;-th column of of the discrete
Fourier transform (DFT) matrix F € CM*M and k; =
1,2,..., MP —1. With the design in Eq. (9), each Cg[b]®y,
is partially sparse, with only MyD non-zero elements. Hence,
by detecting received signals at the receiver, we can obtain the
path region information r where the RIS angle is located as

r = {ki [ lyr [b]ll2 > o}, (10)

where yy, [b] is the received signal using reflection pattern @y,
for the b-th subcarrier, and g is a small threshold. Based on
r, we retrieve angles within existing path regions by scanning
angle grids using the reflection pattern:

MP ol D 7
q)%l,rz M CR[b}(:7Mw [r]r+k1)7 (11)
where éTR[b] is the pseudo-inverse of éR[b], r=12,...,R,
and R is the number of predefined regions. ®; s the

k1 -th reflection pattern used for secondary scanning in each
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Fig. 1. The proposed scheme decomposes the wideband cascaded CE into ‘angle and delay estimation at RIS, ‘angle estimation ar UE and BS,’ and ‘wideband

gain estimation.’

predefined region. The RIS angle information ip is then
obtained as

ip = {MP[r], + k1 | llyz, ,[b]l2 > e} (12)

Meanwhile, the ascending delay vector T = |71, 72, ..., Tp, p,]
is recorded at the BS for all paths.

B. Angle Estimation at UE and BS

The angle information at the BS and UE is obtained by
utilizing specific subcarriers for individual path estimation.
Based on the RIS angle information ir, the reflection patterns
for the second stage are determined as

MD

@5, = < Chlbl(: inlk),

where ko = 1,2, ..., P, P, denotes the path index. The design
of @, in Eq. (13) ensures a single non-zero element in
Cr[b]®x,, guaranteeing the existence of approximately only
one path in the channel. By utilizing the reflection patterns ®,
and CS algorithms to estimate the sparse channel represented
by Eq. (7), we obtain the angle information ip ,, of each path
at the BS and UE as

13)

iBulk, = argmax ([wy, [b])i), (14)

1<i<NPNP
where @y, [b] is the sparse vector estimated by the CS algo-
rithm using reflection pattern ®, for the b-th subcarrier. The
RIS is deployed close to the BS (Section II), such that the
delay from the RIS to the BS can be neglected. Based on the
delay information 7, we design the RIS switching time point
x for each path as

5)

where 0 is the minimum RIS switching time, satisfying
|7; — 7j| > 0 for different path delays. In cases where the
delay difference between P, paths is smaller than 6, a total

of P; OFDM symbols are required for distinguishing and
estimating them. The RIS reflection pattern switching based
on path delays is more pilot-efficient than traditional switching
based on OFDM symbol intervals, as channels of multiple
RIS reflection patterns corresponding to different paths are
estimated within one OFDM symbol.

For non-line-of-sight (nLoS) paths, the delay 74, of each
path is assumed to follow a Rayleigh distribution [17]. For
cases where |1; — 7;| > 4, the required estimation duration
decreases from the P; P, OFDM symbol time slots P; Pye to
one OFDM symbol time slot €. The pilot reduction rate s, is

1
PPy

(16)

sp=1

For cases where the path delay difference can be less than §,
according to the Rayleigh distribution, the probability p,(n =
2) of compact delays for two paths is

pr(n=2)= <P1P2) /(S (R* R)(AT)d(AT),

9 —5 a7)

22
where R(r) = Zze” 207 is the Rayleigh distribution function,
and o is the scale parameter chosen such that the cumulative

probability is 1 — e™5. () £ - is the binomial

k!(n—k)

coefficient, and p,, = ff s(RxR")(AT)d(AT) is the probability
that delay difference of two paths is less than the minimum
RIS switching time. (R * R')(A7) denotes the convolution of
the functions R and R’, with R'(z) = R(—x). The probability
of compact delays for at least [ (I > 2) paths is

1(1—1)
—i+ 1) Pu ?
p'r(n = l) = )

(18)
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Fig. 2. Pilot efficiency gain in CE with the proposed method.

where L £ min{l(l — 1),P} and P £ P;P,. Therefore,
Eq. (16) can be expanded to

P ,
L 14> opr(n= z).
P
Based on Eq. (19), Fig. 2 illustrates the gain in pilot efficiency
(i.e., higher s,.), particularly when the minimum RIS switching
time § is smaller.

19)

C. Wideband Gain Estimation

In the third stage, the path gains corresponding to all
subcarriers are estimated. The same reflection patterns @y,
from Section III-B are employed to estimate the paths one by
one. With the obtained angle information ig ,, Eq. (7) can be
reconstructed as

Yk, = Q@p, + gy, (20)
where B§k2 € CN/NPBx1 g e CNINEBxL and Q €
CN- N BXB are defined as

y £ [YkQ[l]Ta s Yko [B]T]Tv
ﬁ ko £ [nkz [1]1—’ Q[B}T]T’ (21)
Q £ diag (q[1 ], . .7C1[B]),

where q[b] is the [ip u]k,-th column of Q[b], arranged into
Q by block diagonalization and Q[b] £ P(D*[b] ® Dp[b]).
Hence, wp, € CP*! contains the path gains and delay
information for all B subcarriers corresponding to the k»-th
path. Subsequently, the least squares (LS) algorithm [18] can
estimate wy,, and the sparse channel vector wy, [b] for the b-th
subcarrier corresponding to the ko-th path is obtained as

o], = {[‘7”“2]”’ o limdis )

0, otherwise.

Based on Eq. (22), the channel Hy, [b] corresponding to the
ko-th path for b-th subcarrier can be represented as

Hy, [0] = vecy! y, (Dy,[b] @ Dpbl)wr,[b],  (23)

where vecy' . (a) denotes reshaping vector a into an N, x IV
matrix. Therefore, the channel HI[b] for the b-th subcarrier is

PP

= Z Vies Hi, [b}

ka=1

(24)

where v, £ Cr[b]([inlr,,:)®.

D. Complexity and Pilot Overhead Analysis

To show the efficiency of our proposed scheme, we compare
both computational complexity and pilot overhead with the
state-of-the-art schemes.

The computational complexity and pilot overhead compar-
isons are presented in Table I, where P = PP, P and
P’ are the sparsity of si[b] and wy[b]. K represents the
number of reflection patterns utilized for angle acquisition at
the RIS. Q and Q' are the average pilot overheads for each
®,, to the block sparse channel formulation [12] and Eq. (7).
With OMP [4] employed for the second stages, and the LS
algorithm utilized for the third stage, the overall computational
complexity is comprised of three stages. The complexity of
the first stage is 0, as it only involves determining whether
a signal is received to obtain angle information at the RIS.
O(PiP,QaNENE) is the computational complexity of the
second stage and O(P; P,Q3 BNENP) is for the third stage,
where (2 and Q3 are the average pilot overheads for each
reflection pattern in the second and third stages, respectively.
As for the pilot overhead, due to the excessive high dimension-
ality incurred by directly constructing a block sparse vector
based on Eq. (6), Q1 < @3 < Q2 = Q' < Q. Besides,
P' < P < K; < min{MP, B}, since the terahertz channels
exhibit strong sparsity and the wide bandwidth characteristics.
Overall, our proposed CE framework offers lower complexity
and fewer pilot overheads than existing works.

TABLE I
COMPLEXITY AND PILOT OVERHEAD COMPARISONS

CE Method Complexity Pilot Overhead
Eq. (6) [12] O(PQMPNPNP) Q
Eq. () [7] O(P'Q’"MPBNPNP) MPBQ'

Proposed O(PQ2NSNE+PQ3sBNENEP) K1Q1+PQ2+PBQs
'P' < P < K1 < min{B, ]WD}
!NENE <« min{N;N,., MP};
ol < Q<= <Q

IV. SIMULATION RESULTS

Fig. 3 presents a comparative analysis between our proposed
method and existing research, as referenced by [7] and [12].
The work by [7] employs Eq. (7) to estimate M reflection
patterns, while [12] utilizes the property of shared support
among different subcarriers and adopts BOMP to reconstruct
Eq. (6). Performance evaluation is based on the normalized
mean square error (NMSE) to assess the CE accuracy, with
the Oracle LS method providing a lower bound by assuming
perfect angle knowledge.
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Fig. 3. Simulation results with P1 = Pp =2, M = MP = My x My = MP x MP =8x8 NF =NF =2, NP =N, =8 NP = N, = 16,

number of subcarriers B = 64.

In Fig. 3(a), the proposed method achieves about 60%
reduction in pilot overhead compared to [7] and more than
35% reduction compared to [12] while maintaining an NMSE
of —5dB. In Fig. 3(b), our method consistently outperforms
[12] and [7], with gains of 3dB and 5dB respectively in
the SNR range from 0dB to 10dB. Moreover, our method
exhibits no error floor, achieving gains of 10dB and 18 dB at
SNR = 20dB.

V. CONCLUSION

In this paper, we propose a high temporal efficiency local
subdivisional CE method for RIS-assisted THz MIMO-OFDM
systems. Our simulation results underscore the efficacy of this
approach, revealing a remarkable reduction of pilot overhead
while maintaining comparable levels of channel estimation
accuracy. In addition, future work can explore the integration
of more realistic models, further enhancing the applicability
and robustness of the proposed method in real-world scenarios.
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