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Abstract—We consider an mmWave satellite communication
system with a reconfigurable intelligent surface (RIS) to enhance
the signal coverage, where both the satellite and the served users
are equipped with phased arrays. Different from the existing
methods that separately estimate the uplink channel from the
user to the RIS and that from the RIS to the satellite, we directly
estimate the cascaded channel by proposing two schemes. In the
first scheme with two stages, we power off the last antennas
of the satellite, user and the RIS in the first stage and then
transceive some pilot symbols, while in the second stage we power
off the first antennas of the satellite, user and the RIS and
then transceive the same pilot symbols. Then we perform the
channel estimation based on the estimating-signal-parameter-via-
rotational-invariance-techniques (ESPRIT) method. In the second
scheme that does not power off any antenna and needs only one
stage, we propose a null space projection (NSP) algorithm, where
the equivalent channel matrix is estimated through projecting the
dictionary steering vectors to the null space of the received signal
covariance matrices. Simulation results show that the NSP scheme
needs much fewer pilots and much lower hardware complexity
than the ESPRIT scheme but with some sacrifice in channel
estimation performance.

Index Terms—Channel estimation, millimeter wave (mmWave)
communications, reconfigurable intelligent surface (RIS), satellite
communications.

I. INTRODUCTION

Satellite communications have become increasingly attractive
since they can provide low-latency and reliable communication
service. Compared with terrestrial wireless communications,
satellite communications can provide stable signal coverage
for remote areas such as plateaus, mountains and seas [1].
Moreover, the signal to noise ratio (SNR), ranging, accuracy,
and anti-multipath ability can be further improved by satellite
communications for those areas with terrestrial wireless com-
munications [2]. In particular, satellite communications in the
millimeter wave (mmWave) frequency band not only have the
advantages as aforementioned, but also have potential to achieve
high spectral efficiency by making full use of the abundant fre-
quency resources [3]. On the other hand, the recently emerged
reconfigurable intelligent surface (RIS) is capable of smartly
controlling the wireless propagative environment, which can
improve the signal coverage of mmWave communications by
reflecting the highly directional mmWave signal to the obscured
places. Compared with mmWave multiple-input multiple-output

(MIMO) communications, the RIS-aided mmWave MIMO com-
munications can achieve higher spectral efficiency [4]. But
different from mmWave satellite MIMO communications using
terrestrial relays [5], in the RIS-aided mmWave satellite MIMO
communications, the RIS can only passively reflect incident
signals instead of positively transmitting signals.

For mmWave terrestrial MIMO communications with RIS,
the channel model has been well established [6] [7]. For
example, a channel estimation framework with two estimation
algorithms is proposed by comprehensively considering the
pilots and RIS phase shifts [8]. However, to the best knowledge
of the authors, the channel modeling as well as the channel
estimation has not yet been investigated for mmWave satellite
MIMO communications with RIS, which inspires some of our
thoughts as follows.

In this work, we investigate the channel estimation for
the mmWave geostationary earth orbit (GEO) satellite MIMO
communication system with RIS. We apply the estimating-
signal-parameter-via-rotational-invariance-techniques (ESPRIT)
method to estimate the angle of arrival (AoA) and the angle of
departure (AoD) in two stages. In the first stage, we power
off the last antennas of the satellite, user and the RIS and
transceive some pilot symbols, while in the second stage we
power off the first antennas of the satellite, the user and the
RIS and transceive the same pilot symbols. Then we perform
the channel estimation based on the ESPRIT method. In the
second scheme that needs only one stage, we propose a null
space projection (NSP) algorithm, where the equivalent channel
matrix is estimated through projecting the dictionary steering
vectors to the null space of the received signal covariance
matrices.

We use the following notations in our paper. Symbols for
vectors (lower case) and matrices (upper case) are in boldface.
(·)T , (·)H , (·)−1 and (·)† denote the transpose, conjugate
transpose (Hermitian), inverse and pseudo-inverse, respectively.
The set of p× q complex-valued matrices is denoted by Cp×q .
‖ · ‖F and E{·} is used to denote the Frobenius norm and the
expectation. A⊗B and A�B represent the Kronecker product
and the Khatri-Rao product of the matrix A and B. Complex
Gaussian distribution is denoted by CN . We use diag{a}to
denote the square diagonal matrix with the elements of vector
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Fig. 1. MIMO mmWave GEO satellite communication system with RIS.

a on the main diagonal.

II. SYSTEM MODEL

As shown in Fig. 1, an mmWave GEO satellite communica-
tion system includes a GEO satellite, an RIS, a user equipment
(UE) and a gateway. There is a feeder link between the satellite
and the gateway, enabling the gateway to transmit control
signals to the satellite. The RIS is connected to the gateway via
a wired link, so that the gateway can change the parameters of
the RIS in real time. The RIS is equipped with many reflecting
elements, which can passively reflect the incident signal. Each
element of the RIS, which functions as a phase shifter on the
incident signal, is independently controlled by the gateway.

We consider the uplink transmission, where the UE transmits
the signal to the satellite. Assume a uniform linear array (ULA)
with half wavelength interval is used by both the satellite and
the UE. Denote the antenna numbers of the ULAs at the satellite
and UE by Nr and Nt, respectively. Denote the number of
elements of the RIS by Ns. Then the uplink channel between the
UE and the RIS can be denoted byHt ∈ CNs×Nt . According to
the Saleh-Valenzuela channel model [9], Ht can be expressed
as

Ht =

√
NsNt

L

L∑
l=1

glα(Ns, θt,l)α
T (Nt, φt,l), (1)

where L denotes the number of paths and gl denotes the channel
gain of the lth path obeying gl ∼ CN (0, 1), for l = 1, 2, . . . , L.
θt,l and φt,l denote the AoA of the RIS and the AoD of the
UE for the lth path, respectively. The channel steering vector
α(N, θ) as a function of N and θ is defined as

α(N, θ) ,
1√
N

[1, ejπ cos(θ), ejπ2 cos(θ), · · · , ejπ(N−1) cos(θ)]T ,
(2)

where N represents the number of antennas and θ represents
the AoD or the AoA.

In order to simplify the notation, we define

At ,
[
α(Nt, φt,1),α(Nt, φt,2), · · · ,α(Nt, φt,L)

]
,

Bt ,
[
α(Ns, θt,1),α(Ns, θt,2), · · · ,α(Ns, θt,L)

]
,

Gt ,
√

NsNt

L diag
{
[g1, g2, · · · , gL]T

}
.

(3)

Then Ht can be expressed as

Ht = BtGtA
T
t . (4)

The uplink channel between the RIS and the satellite is
denoted by Hr ∈ CNr×Ns . We only consider the line-of-sight
(LoS) path between the RIS and the satellite while ignoring the
non-line-of-sight (NLoS) paths because the difference of their
gain is more than 20dB [10]. Note that the path loss in the free
space can be expressed as

Pr =
λ2GrGs

(4π)2d2κTBW
, (5)

where λ, Gr, Gs, d, κ, T and BW represent the wavelength,
the gain of each RIS element, the gain of each satellite antenna,
the distance between the satellite and the RIS, the Boltzman
constant, the sky noise temperature and the bandwidth, respec-
tively [11]. Then Hr can be written as

Hr =
√
NsNrPrα(Nr, θr)α

T (Ns, φs), (6)

where θr represents the AoA of the satellite and φs represents
the AoD of the RIS. Similarly, we define

ar , α(Nr, θr), br , α(Ns, φs), gr ,
√
NsNrPr. (7)

Then Hr can be rewritten as

Hr = grarb
T
r . (8)

The uplink channel between the UE and the satellite is
denoted by Hd ∈ CNr×Nt . However, to ease the estimation of
Hd, we can shortly power off the RIS. Then the estimation of
Hd is essentially a standard mmWave MIMO channel estima-
tion problem that can be tackled by existing methods [12]. Once
Hd is estimated, we power on the RIS. When estimating the
cascaded channel ofHt andHr, the received signal component
from Hd can be treated as a known constant, which implies
the impact of Hd can be completely removed. Therefore, in
this work, we focus on the estimation of the cascaded channel.

Suppose Hr and Ht keep constant within K consecutive
time slots, under the block fading assumption for wireless
channels. Further suppose the transceiving of each pilot vector
occupies a time slot. We transmit P different pilot vectors,
where each pilot vector is repetitively transmitted in S con-
secutive time slots. We model the RIS as a diagonal matrix
diag{qs}, where qs , [e−jβ1 , e−jβ2 , · · · , e−jβNs ]T ∈ CNs is
a phase shifting vector in the sth time slot for s = 1, 2, . . . , S.
We set K = PS. Then the received signal by the satellite
with the pth pilot vector and the sth phase shifting vector for
p = 1, 2, . . . , P and s = 1, 2, . . . , S can be expressed as

Y p,s =W
THrdiag{qs}Htfp +W

TMp,s, (9)
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R1 =


ar ar · · · ar

ejπφt,1ar ejπφt,2ar · · · ejπφt,Lar

...
...

. . .
...

ej(Nt−2)πφt,1ar ej(Nt−2)πφt,2ar · · · ej(Nt−2)πφt,Lar

 (15)

R2 =


ejπφt,1ar ejπφt,2ar · · · ejπφt,Lar

ej2πφt,1ar ej2πφt,2ar · · · ej2πφt,Lar

...
...

. . .
...

ej(Nt−1)πφt,1ar ej(Nt−2)πφt,2ar · · · ej(Nt−1)πφt,Lar

 (17)

where W ∈ CNr×NRF , NRF, fp ∈ CNt and Mp,s ∈ CNr

denote the combine matrix at the satellite, the number of
radio frequency (RF) chains at the satellite, the transmitting
signals at the UE and the additive white Gaussian noise vector,
respectively [8].

If we stack the signals of PS time slots in a matrix Y ∈
C(NRFP )×S , it can be written as

Y =


Y 1,1 Y 1,2 · · · Y 1,S

Y 2,1 Y 2,2 · · · Y 2,S

...
...

. . .
...

Y P,1 Y P,2 · · · Y P,S

 . (10)

Then we have

Y = (F T ⊗W T )HQ+M , (11)

where F = [f1,f2, · · · ,fP ] and Q = [q1, q2, · · · , qS ]. M
is the additive white Gaussian noise stacked by W TMp,s

similarly. H is the equivalent channel matrix, which can be
written as

H =HT
t �Hr = gr(At ⊗ ar)Gt(B

T
t � b

T
r ). (12)

III. CHANNEL ESTIMATION FOR THE MMWAVE GEO
SATELLITE SYSTEM WITH RIS

According to (9)(11), the cascaded channel estimation prob-
lem is to estimate Ht and Hr independently or estimate the
equivalent channel matrix H . The direct solution is to use the
least square (LS) solution

ĤLS = (F T ⊗W T )†Y Q†. (13)

However, it requires that the number of the time slots should
satisfies PS ≥ NrNsNt

NRF
. Such solution is almost impractical in

the system because the large number of time slots means the
long channel coherence time and processing delay which can
not be well addressed. In the next two subsections, we proposes
a ESPRIT based channel estimation algorithm in the mmWave
MIMO GEO satellite communication system with RIS and a
channel estimation algorithm using the projection on the null
space which needs fewer pilots and lower hardware complexity.

A. Two-stage ESPRIT based channel estimation

ESPRIT is widely used in array signal processing, especially
in the AoD and AoA estimation [12]. In this subsection,
we apply ESPRIT for the mmWave MIMO GEO satellite
communication system with RIS to estimate the AoA and AoD
of the RIS, the AoD of the UE and the AoA of the satellite.
This method requires two stages, which means the number of
time slots is 2PS. In fact, the estimation of the AoA and AoD
at the RIS, UE and the satellite has the same mathematical
formulation. Thus, we take the AoD at the UE as an example.

For the first stage, we power off the last antenna at the UE
and the received signal can be expressed as

X1 = gr(F
T
1 ⊗W

T )(At ⊗ ar)Gt(B
T
t � b

T
r )Q

= gr(F̃
T
⊗W T )R1Gt(B

T
t � b

T
r )Q,

(14)

where F̃ ∈ CP×(Nt−1). F 1 is the transmitting pilots matrix
satisfying F 1 = [F̃ ,0]T . The matrix R1 can be written as (15).
For simplicity, we ignore the noise term M here.

Similarly, for the second stage, we power off the first antenna
at the UE and the received signal can be expressed as

X2 = gr(F
T
2 ⊗W

T )(At ⊗ ar)Gt(B
T
t � b

T
r )Q

= gr(F̃
T
⊗W T )R2Gt(B

T
t � b

T
r )Q,

(16)

where F 2 is the transmitting pilots matrix satisfying F 2 =
[0, F̃ ]T . The matrix R2 can be written as (17).

Obviously, R1 and R2 have the property of rotation invari-
ance below

R2 = R1Φ, (18)

where Φ = diag
{
[ejπφt,1 , ejπφt,2 , · · · , ejπφt,L ]T

}
is the rota-

tion transformation matrix. Such property of rotation invariance
is widely employed in the ESPRIT based method [12]. Then
we only need to estimate Φ.

By stacking the two received signal matrices, we define

S ,

[
X1

X2

]
=

[
B1B2

B1ΦB2

]
, (19)

where
B1 , gr(F

T
k ⊗W

T )R1Q,

B2 , Gt(B
T
t � b

T
r )Q.

(20)
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Then, the singular value decomposition (SVD) of the Hermitian
matrix SSH is

SSH = UΣUH , (21)

where U is a unitary matrix and Σ is a diagonal matrix whose
diagonal entries are the singular values sorted in descending
order and the number of the non-zero singular value is L. Thus,
we obtain

UL =

[
U1

U2

]
=

[
B1

B1Φ

]
T , (22)

where T is a linear transformation matrix which is invertible
and UL is the first Lth column vectors of U . From (22), we
can obtain

T−1ΦT = U †1U2. (23)

In other words, after we figure out U †1U2, the diagonal entries
of Φ are the phases of the eigenvalues of U †1U2, which can be
easily obtained through the eigenvalue decomposition (EVD).
Then, the AoD of the UE can be estimated.

For the estimation of the AoA of the satellite ar, the
mathematical formulation is completely the same as the above
so here we do not repeat it again.

According to (11), the AoA and AoD of the RIS has the
Khatri-Rao product format BT

t �b
T
r in the received signals. In

fact, such Khatri-Rao product format is the same as the usual
AoA or AoD matrix, which is

BT
t � b

T
r =


1 ejπ(φs+θt,1) · · · ejπ(Ns−1)(φs+θt,1)

1 ejπ(φs+θt,2) · · · ejπ(Ns−1)(φs+θt,2)

...
...

. . .
...

1 ejπ(φs+θt,L) · · · ejπ(Ns−1)(φs+θt,L)

 .
(24)

Consequently, we only need to estimate the matrix BT
t � b

T
r

instead of estimating the AoA and AoD of the RIS indepen-
dently.

Similarly, we first power off the last reflecting element of the
RIS and obtain the received signal

Z1 = gr(F
T ⊗W T )(At ⊗ ar)Gt(B

T
t � b

T
r )Q1

= gr(F
T ⊗W T )(At ⊗ ar)GtP 1Q̃,

(25)

where Q̃ ∈ CS×(Ns−1). Q1 is the RIS phase shifting matrix at
the first stage satisfying Q1 = [Q̃,0]T . The matrix P 1 has the
similar structure of R1 and here we no longer give unnecessary
details.

In the second stage, we power off the first reflecting element
of the RIS and obtain the received signal

Z2 = gr(F
T ⊗W T )(At ⊗ ar)Gt(B

T
t � b

T
r )Q2

= gr(F
T ⊗W T )(At ⊗ ar)GtP 2Q̃,

(26)

where Q2 is the RIS phase shifting matrix at the second
stage satisfying Q2 = [0, Q̃]T . The matrix P 2 has the similar
structure of R2 and here we no longer give unnecessary details.
Similar to R1 and R2, the property of rotation invariance can
be written as

P 2 = P 1Θ, (27)

Algorithm 1 Two-stage ESPRIT based channel estimation
algorithm

1: Input: X1, X2, X1, X2.
2: Stack the received signals as S via (19).
3: Obtain U using SVD via (21).
4: Obtain U1 and U2 via (22).
5: Obtain Φ using EVD via (23).
6: Reconstruct At with Φ.
7: Reconstruct ar and BT

t � b
T
r with the same steps.

8: Obtain Ĥ via (29).
9: Ouput: Ĥ .

where Θ = diag
{
[ejπ(φs+θt,1), · · · , ejπ(φs+θt,L)]T

}
. Then we

only need to replace X1 and X2 with Z1 and Z2 to estimate
the rotation transformation matrix Θ in the same way. Here,
we no longer give unnecessary details. After we obtain the
complete information of the steering vectors, the channel gain
G , grGt can be estimated as

Ĝ =
(
(F T ⊗W T )(Ât ⊗ âr)

)†
Y
(
(B̂

T

t � b̂
T

r )Q
)†
. (28)

The whole equivalent channel matrix H can be reconstructed
as

Ĥ = (Ât ⊗ âr)Ĝ(B̂
T

t � b̂
T

r ). (29)

This two-stage ESPRIT based algorithm is depicted in Algo-
rithm 1.

B. One-stage null space projection channel estimation

In this subsection, we propose the NSP channel estimation
algorithm based on the projection of the dictionary steering
vectors to the null space of the received signal covariance
matrices. Compared with the ESPRIT based channel estimation
algorithm, this algorithm has less resolution but only needs one
stage so that it does not need to power on and off any antenna
or element. We consider using the signal model (9) to estimate
At and ar and the signal model (11) to estimate BT

t � b
T
r .

For the estimation of the AoD of the UE, consider a testing
vector as

t(φ) = FHα∗(Nt, φ), (30)

where φ can be any value in [−1, 1].
Use the testing vectors to form the uniform dictionary matrix

D =
[
t(φ1), t(φ2), · · · , t(φN )

]
, (31)

where φn = cosN−nN π, n = 1, 2, · · · , N. The angular res-
olution is π

N . Note that if we increase the number of the
testing vectors N , the angular resolution will increase but the
complexity of the matrix calculation will also increase.

From the received signal Y s, we can obtain

Y H
s Y s = F

H(AT
t )
HCHCAT

t F , (32)

where C = W THrdiag{qs}BtGt. The null space of the
matrix Y H

s Y s can be written as

Z : {x|FH(AT
t )
HCHCAT

t Fx = 0}. (33)
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If φ ∈ {φt,1, φt,2, · · · , φt,L}, the testing vector t(φ) will be
orthogonal to the null space Z; Otherwise, the projection of
the testing vector t in the null space Z will not be zero. This
property inspires us to use different values of φ to generate the
testing vector t and calculate the projection of t in Z . If the
projection is zero, then the value of φ is the cosine value of
one of the AoD at the UE.

The orthogonal basis of Z can be obtained through SVD of
Y H
s Y s written as

Y H
s Y s = V ΓV H . (34)

The singular vectors corresponding to zero singular value in V
comprise the orthogonormal basis of the null space Z denoted
as V z. If we assume that Y H

s Y s has v zero singular values,
then V z is the last v columns of V . Then we can calculate the
projection of the testing vector in the null space, which can be
written as

P = V H
z D, (35)

where P ∈ Cv×N is the result of projection. Denote px,y as
the entry in the xth row and yth column of P . ‖px,y‖ is the
projection of the yth testing vector in the xth base vector of
the null space Z . Thus, the N diagonal entries of PHP are
the projection of N testing vectors in the null space Z . Then
we find the local minimum values of the N projection values,
whose indexes are n1, n2, · · · , nL. The estimation of At is

Ât =
[
α(Nt, φn1

),α(Nt, φn2
), · · · ,α(Nt, φnL

)
]
. (36)

Note that all the RIS phase shifts qs do not influence the
calculation, which means all the PS time slots can be used
to do estimation.

For the estimation of BT
t �b

T
r , we use the signal model (11).

It has the same mathematical formulation as the above. We only
need to replace At, F and C with BT

t � b
T
r , Q and F T ⊗

W T )(At⊗argrGt). Then the estimation steps are completely
the same as the above. Here, we do not repeat them again.

For the estimation of ar, the corresponding signal model
should be

Y sY
H
s =W TarCC

H(W Tar)
H , (37)

where C = bTr diag{qs}HtF . The null space is{
x|W TarCC

H(W Tar)
Hx = 0

}
. (38)

The testing vectors can be written as

t(φ) =W Tα(Nr, φ), (39)

where φ can be any value in [−1, 1]. Then the estimation
problem is completely the same as the above. Here, we do not
repeat it again.

Similarly, the channel gain can be estimated using (28) and
the whole equivalent channel can be estimated using (29). This
one-stage NSP based channel estimation algorithm is depicted
in Algorithm 2.

Algorithm 2 One-stage NSP based channel estimation algo-
rithm

1: Input: Y p,s,N
2: Obtain D via (31).
3: Obtain Y H

s Y s.
4: Obtain SVD of Y H

s Y s via (34).
5: Obtain P via (35).
6: Obtain Ât via (36).
7: Obtain âr, B̂t and b̂r with the same steps.
8: Obtain Ĥ via (29).
9: Ouput: Ĥ .

IV. NUMERICAL RESULTS

In this section, we evaluate the channel estimation perfor-
mance for the mmWave MIMO GEO satellite communication
system with RIS. We set Nr = 16, Ns = 16, Nt = 8 and
NRF = 4. We use the QPSK modulation, where the pilot
symbols, i.e., the entries of fp, are randomly selected from
{−1, 1, i,−i}. The phase shifts β1, β2, · · · , βNs

are randomly
selected from [0, 2π]. The carrier frequency is 28GHz. The
antenna element gain satisfies Gr = Gs = 5dBi [13]. The
altitude of the GEO satellite is 3.5786 × 107m. Noise term
κTBW in (5) is normalized in the noise power. The entries of
the combine matrix W independently obey the unit complex
Gaussian distribution. We set the number of the path from the
UE to the RIS L = 3. The AoA of the satellite is 60◦. The
AoDs of the UE are 15◦, 45◦ and 60◦. The AoAs of the RIS
are 20◦, 40◦ and 80◦. The AoD of the RIS is 75◦. For the NSP
channel estimation algorithm, we set the size of the dictionary
N = 180, which means the resolution of the angle is 1◦. The
normalized mean squared error (NMSE) is defined as

NMSE , E
{
‖Ĥ −H‖2F
‖H‖2F

}
. (40)

Firstly, we fixed P = 32 and S = 32, satisfying PS ≥
NrNsNt

NRF
.As shown in Fig. 2, we provide performance compar-

isons for the cascaded channel estimation. It is seen that in
low SNR, the ESPRIT based channel estimation algorithm has
higher accuracy compared with LS and NSP channel estimation
algorithm. When SNR is 0dB, the ESPRIT method has 34.43%
and 32.76% performance improvement compared with LS and
NSP. When SNR is 10dB, the performance of NSP algorithm is
35.54% better than the LS method. Note that the LS and NSP
method only need one stage while the ESPRIT method needs
two stages.

As shown in Fig. 3, we compare the channel estimation
performance of the two-stage ESPRIT channel estimation al-
gorithm in terms of the number of the time slots. It is seen
that when SNR is 0dB, the performance improves 31.26% if
the number of time slots changes from P = 2, S = 2 to
P = 6, S = 6. When the SNR is 10 dB, the NMSE performance
is 0.1124 with P = 12, S = 12, which has high accuracy. The
performance improves little when P ≥ 12, S ≥ 12.
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Fig. 2. Comparison of the channel estimation performance in terms of SNR.
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Fig. 3. Comparison of the channel estimation performance for ESPRIT in
terms of the number of time slots.
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Fig. 4. Comparison of the channel estimation performance for NSP in terms
of the number of time slots.

As shown in Fig. 4, we compare the channel estimation
performance of the NSP channel estimation algorithm in terms
of the number of the time slots. It is seen that the performance
improves 26.18% if the number of time slots changes from
P = 2, S = 2 to P = 32, S = 32 when SNR is 0dB.

The performance improves 42.41% if the number of time slots
changes from P = 6, S = 6 to P = 32, S = 32 when
SNR is 10dB. Thus, compared with ESPRIT, the NSP channel
estimation algorithm is more sensitive to the noise and the
number of time slots because it involves the calculation of the
projection and the signal space.

V. CONCLUSION

In this paper, we apply the ESPRIT in the mmWave GEO
satellite MIMO communication system with RIS to estimate
the cascaded channel using two stages. In order to reduce
the required stages, we propose the NSP channel estimation
algorithm which only needs one stage. Simulation results show
that the NSP scheme needs much fewer pilots and much lower
hardware complexity than the ESPRIT scheme but with some
sacrifice in channel estimation performance.
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