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ABSTRACT In this paper, we present a robust hybrid transceiver design for millimeter-wave communication
systems operating in amplify-and-forward multiple-input multiple-output relay channels. Unlike most of
current works that assume the perfect or partial channel state information (CSI) at the transceivers in the
design, the CSI uncertainty is taken into consideration to design a robust transceiver. To achieve that end,
the average received signal-to-noise ratio (SNR) is adopted as the objective function. To produce a tractable
expression, an accurate approximation of the average received SNR is derived and used as the design
criterion. An alternating maximization algorithm is proposed to optimize the design criterion, in which an
orthogonal matching pursuit-based algorithm is utilized to design the transceiver at the relay. Simulations
show that the algorithm takes a few iterations to produce converged transceivers for the source, relay, and
destination nodes. Numerical results demonstrate the substantial performance gains of the proposed scheme,
compared with the existing non-robust designs.

INDEX TERMS Millimeter wave communication, MIMO, cooperative communication.

I. INTRODUCTION
The capacity of wireless networks is required to increase
1000 times by 2020 [1]. One way to meet such high demands
is to exploit underutilized spectrum bands. The millimeter
wave (mmWave) band offers much higher bandwidth (from
30 GHz to 300 GHz) than most present commercial wire-
less systems (sub 6 GHz) [2], [3]. Therefore, the mmWave
wireless technology will play a key role in the next genera-
tion communication system. The main obstacle of mmWave
applications is the severe propagation loss, which is orders-
of-magnitude higher than the current wireless applications.
Thanks to the millimeter-scale wavelength of mmWave sig-
nals, a large number of antennas can be packed at transceivers
to provide significant beamforming gains via MIMO tech-
niques. Relay and cooperative techniques can also be utilized
to improve the coverage and spectral efficiency of mmWave
systems.

In traditional MIMO systems, transceiver design is typi-
cally implemented in the digital domain, which can adjust

both the magnitude and the phase of signals. However,
in mmWave systems with large-scale antenna arrays, the high
cost and power consumption of implementing one radio
frequency (RF) chain per antenna element make the fully
digital design infeasible. As a result, the hybrid transceiver
architecture has received much consideration in mmWave
systems [4]. Typically, the hybrid transceiver architecture is
realized by a cascade of the analog beamformer using phase
shifters and the baseband digital processor.

It is shown in [5] that the hybrid structure achieves the same
performance of the fully digital beamforming if and only if
the number of RF chains is twice the number of data streams.
To further save the number of RF chains, various techniques
have been proposed in the literature. In [6], it has been pointed
out that maximizing the spectral efficiency of mmWave
systems under perfect CSI assumptions can be approxi-
mated by minimizing the Euclidean distance between hybrid
transceivers and fully digital processors. The design uses
the sparsity of the mmWave channel and OMP algorithm,
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which is attractive for its low complexity. The Euclidean
distance minimization problem is further investigated in [7]
by incorporating the manifold optimization. In [8], the hybrid
precoding designs under perfect CSI assumption that do
not directly rely on the Euclidean distance approximation
have been developed. The above works require the avail-
ability of perfect CSI, at least at the receiver. To relax this
assumption, [9] develops an OMP algorithm based on partial
channel knowledge, in which the transmitter and receiver
only know its own angles of departure (AoDs) or angles of
arrival (AoAs).

Relay and cooperative techniques, which have not achieved
a huge success in lower frequency cellular networks, will play
a more important role in improving coverage in mmWave
cellular systems [2]. There is a shortage of the research
in mmWave relay systems. Most of related works use the
OMP-based algorithm to approximate the cascade processor
with the fully digital designs under perfect CSI assumptions.
In [10], the jointly hybrid transceiver design is introduced
with an OMP-based sparse approximation algorithm for the
half duplex AF relaying in mmWave systems. The algo-
rithm is extended to relay networks with multiple relays
in [11] and [12].

However, the implementation issues, such as bandwidth
limitation, delayed feedback, estimation and quantization
errors, make the perfect CSI assumption impractical. This
means that transceiver designs based on imperfect CSI
are vitally important. Besides, most of the fully digital
designs in relay systems are developed from the mean square
error (MSE) based criteria [13]–[17], which may not provide
the satisfactory spectral efficiency. To make the optimization
objective be more related to the spectral efficiency, SNR-
based design criteria should be investigated [18]. To the
best of our knowledge, the robust hybrid transceiver design
in mmWave systems under imperfect CSI with SNR-based
criterion has not been conducted in the literature. In this
paper, we adopt the average received SNR as the objective
function by taking the estimation error into consideration.
Unfortunately, this objective function is difficult to produce a
tractable expression. An accurate approximation of the aver-
age received SNR is derived and used as the design criterion.
The accuracy of this approximation is verified by numerical
simulations. We develop an alternating maximization algo-
rithm to optimize the criterion, and an OMP-based algorithm
to design the precoder at the relay. Simulations show that the
algorithm only takes a few iterations to converge, which is
attractive for the practical systems. It is also shown that the
proposed algorithm provides a substantial performance gain
compared with the existing non-robust designs.

The organization of this paper is as follows. The system and
channel models used in this paper are presented in Section II.
The robust hybrid design of transceivers in the relay system
is presented in Section III. Simulation results are presented in
Section IV before concluding the paper in Section V.
Notations: Bold lower case and upper case letters

denote vectors and matrices, respectively. (A)i,l denotes the

FIGURE 1. A three-node two-hop one-way relay system.

(i, l)-th entry of matrixA; ai denotes the i-th entry of vector a.
A(i) denotes the i-th colon of matrix A. (·)∗, (·)T , (·)H ,
and tr (·), denote the complex conjugate, matrix transpose,
Hermitian transpose, and matrix trace, respectively. vec (·)
denotes the vectorization operator of a matrix which stacks
the columns of the argument into a vector. IK denotes the
K × K identity matrix. x ∼ CN (m, 6) means that x is a
circularly symmetric complex Gaussian random vector with
meanm and covariancematrix6. ‖·‖F denotes the Frobenius
norm. Ex[·] stands for the expectation over x. ⊗ denotes
Kronecker product of two matrices.

II. SYSTEM AND CHANNEL MODEL
A. SYSTEM MODEL
Consider a two-hop AF MIMO relay system as shown
in Fig 1. The system consists of one source, one relay, and
one destination, equipped with Ns, Nr , and Nd antennas,
respectively. The source and the destination have single RF
chains, and process the signal in the analog domain. The relay
has Nr,rf RF chains, and processes the signal in the analog
and digital domains. The number of RF chains at the relay is
subject to the constraintNr,rf ≤ Nr . It is assumed that there is
no direct link between the source and the destination, which is
a typical two-hop relay system, particularly for the mmWave
systems when the source and the destination are far away. All
the nodes are half-duplex, which means that a node cannot
receive and transmit signals simultaneously.

The data transmission is divided into two time slots. In the
first time slot, the transmitted signals at the source terminal
is sent to the relay. The received signals at the relay node are

yr =
√
ρsrHsr fss+ zsr , (1)

where s is the transmitted symbol with unit variance; fs is
the Ns × 1 RF precoder at the source, which is implemented
using analog phase shifters with equal norm entries, i.e.,
|fs,i|2 = N−1s ; yr is the received signal vector at the
relay node; Hsr is the Nr × Ns channel matrix between
the source and the relay; zsr is additive complex white
Gaussian noise (AWGN) vector with independent, identically
distributed (i.i.d.) entries of zero mean and unit variance,
i.e., zsr ∼ CN (0Nr×1, INr ); ρsr is the total transmit power
to noise ratio of the source-relay link.

In the second time slot, the relays amplify and forward
the received signals to the destination, while the source
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keeps silent. The received signals at the destination are

yd =
√
ρrdρsrHrdFrHsr fss+

√
ρrdHrdFrzsr + zrd , (2)

where Fr = Fr,tFr,bbFr,r with Fr,t , Fr,bb, and Fr,r being
the Nr × Nr,rf analog transmit matrix, the Nr,rf × Nr,rf
baseband matrix, and Nr,rf × Nr analog receive matrix of
the hybrid processor at the relay node. Fr,t and Fr,r are
implemented using analog phase shifters, i.e., for the transmit
matrix

(
Fr,t (Fr,t )H

)
i,i = N−1r ; while Fr,bb has no hard-

ware constraints except the total power constraint. Hrd is the
Nd×Nr channel matrix between the relay and the destination;
zrd is AWGN matrix with i.i.d. entries of zero mean and unit
variance, i.e., zrd ∼ CN (0Nd×1, INd ); ρrd is the total transmit
power to noise ratio of the relay-destination link.

The received signals are combined through the Nd × 1
analog vector w at the destination. The estimated signal is
given as

ŝ =
√
ρrdρsrwHHrdFrHsr fss+

√
ρrdwHHrdFrzsr+wHzrd ,

(3)

where w is implemented using analog phase shifters,
i.e., |wi|

2
= 1.

B. CHANNEL MODEL
The mmWave propagation is shown to be limited scatter-
ing [19], [20], and well characterized by a clustered channel
model, i.e., the Saleh-Valenzuela model [21]. This model
expresses the mmWave channel as

H =
1

NclNray

Ncl∑
i=1

Nray∑
l=1

αilar (θil) at (φil)H , (4)

where Ncl and Nray denote the number of clusters and the
number of rays in each cluster; αil denotes the gain of the
l-th ray in the i-th cluster, which is assumed to be a com-
plex Gaussian random variable with zero mean and variance
σ 2
αi
; ar (θil) and at (φil) are the receive and transmit array

response vectors, with θil and φil being the AoAs and AoDs,
respectively.

Without loss of generality, we omit the subscript of H in
(4) for notation simplicity. In this paper, we assume an N ele-
ment uniform linear array (ULA). Nevertheless, the proposed
design framework is not limited to ULA, and can be easily
extended to other cases, such as uniform planar array (UPA).
The array response vector a (θ) of ULA is given by

a (θ) =
1
√
N

[
1, ej

2πd
λ

sin(θ), . . . , ej(N−1)
2πd
λ

sin(θ)
]T
, (5)

where d and λ are the antenna spacing and the signal wave-
length, respectively.

In this paper, we assume that the transceivers possess only
imperfect CSI. Specifically, the actual CSI can be modeled as

Hsr = Ĥsr +1sr , (6)

Hrd = Ĥrd +1rd , (7)

where Ĥsr and Ĥrd denote the estimated CSI of source-relay
and relay-destination links available at transceivers, respec-
tively; 1sr ∼ CN

(
0, σ 2

e,srI
)
and 1rd ∼ CN

(
0, σ 2

e,rd I
)

denote the estimation errors in corresponding links,
respectively.

III. ROBUST PRECODER DESIGN
The destination receives all the CSI, performs all the
transceiver designs, and sends the design results to the source
and the relay for processing. The transceivers have perfor-
mance degradation because of estimation errors, if they are
untreated. To remedy estimation errors, we use the approx-
imated average received SNR for transceiver designs in this
paper. This assumption is more practical than the perfect CSI
assumption.

In this section, we will first present the approximation
of the average received SNR, and formulate the transceiver
design problem. To solve the problem, we will propose
an alternating maximization algorithm to optimize the
transceiver design, where an OMP-based algorithm is devel-
oped to design the transceiver at the relay.

A. DESIGN PROBLEM FORMULATION
The received SNR ρ at the destination can be expressed as

ρ =
ρrdρsr‖wHHrdFrHsr fs‖2F
ρrd‖wHHrdFr‖2F + ‖w‖

2
F

. (8)

The average received SNR ρ̂ is given by:

ρ̂ = EHsr ,Hrd

[
ρrdρsr‖wHHrdFrHsr fs‖2F
ρrd‖wHHrdFr‖2F + ‖w‖

2
F

]
. (9)

However, a simple expression of ρ̂ is very hard to obtain.
Note that, for random variables a and b, the Taylor’s series
expansion of Ea,b

( a
b

)
can be expressed as [22]

Ea,b
(a
b

)
=
Ea(a)
Eb(b)

−
cov(a, b)

E2
b (b)

+
Ea(a)var(b)

E3
b (b)

+ . . . (10)

where cov(a, b) and var(b) are the covariance of a and b, and
the variance of b, respectively. By utilizing (10), the first order
Taylor’s series expansion of ρ̂, denoted by ρ̃, is given by

ρ̃ =
ρrdρsrEHsr ,Hrd

[
‖wHHrdFrHsr fs‖2F

]
ρrdEHrd

[
‖wHHrdFr‖2F

]
+ ‖w‖2F

. (11)

In Section IV, it is shown that the value of ρ̃ is very
close to the Monte Carlo simulation of ρ. In this paper,
the approximation ρ̃ is adopted as our optimization criterion.
Based on this, a joint design of transceivers is developed as
the following optimization problem

max
{fs,w,Fr,t ,Fr,bb,Fr,r}

ρ̃

s.t. fs ∈ Fs, w ∈W,F(i)
r,t ∈ Fr,t ,F(i)

r,r ∈ Fr,r ,

EHsr

[
‖Fr,tFr,bbFr,r

(√
ρsrHsr fss+ zsr

)
‖
2
F

]
= 1.

(12)
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where Fs, W , Fr,t , and Fr,r denote the sets of the feasible
RF processors induced by the equal norm entries constraints
at transceiver sides of the source, the destination, and the
relay, respectively. In this paper, as there are estimation errors
at transceiver sides, we take the quantized response vectors
in [6] as the feasible sets of the RF processors. The joint opti-
mization of the problem (12) is known to be intractable [6].
In this paper, we will develop an alternating maximization
algorithm to solve the optimization problem. With the prin-
ciple of alternating maximization, we will alternately solve
for fs, w, and the fully digital processor Fr,opt while fixing
the others. In the process, we will utilize an OMP-based
algorithm to solve for Fr,t , Fr,bb, and Fr,r based on Fr,opt .

B. TRANSCEIVER DESIGNS AT THE SOURCE
AND THE DESTINATION
In the following, an iterative method is derived to solve the
optimization problem (12). Firstly, we solve w with fixed fs
and Fr . The following lemma will be used in the derivation.
Lemma 1 [23]: For random matrix X ∼ CN (X̂, σ 2I),

EX
[
XAXH

]
= X̂AX̂H

+ tr (A) I, (13)

EX
[
XHAX

]
= X̂HAX̂+ tr (A) I. (14)

By applying Lemma 1, the expectations in the numerator
and the denominator of (11) can be expressed as

EHsr ,Hrd

[
‖wHHrdFrHsr fs‖2F

]
= EHsr ,Hrd

[
wHHrdFrHsr fsfHs H

H
srF

H
r H

H
rdw

]
= wH81w, (15)

EHrd

[
‖wHHrdFr‖2F

]
= EHrd

[
wHHrdFrFHr H

H
rdw

]
= wH82w, (16)

where

81 = ĤrdFr83FHr Ĥ
H
rd + tr

(
Fr83FHr

)
I, (17)

82 = ĤrdFrFHr Ĥ
H
rd + tr

(
FrFHr

)
I, (18)

83 = Ĥsr fsfHs Ĥ
H
sr + tr

(
fsfHs

)
I. (19)

With fixed fs and Fr , the optimization problem (12) is
simplified as

max
{w}

wH81w
wH82w

s.t. w ∈W. (20)

We use the exhaustive search (ES) to search for the best
analog combining vectorw at the destination. It is considered
as the most straightforward search technique, while other
optimization methods to save time and power consumptions
are natural extensions of this work.

In a similar manner, we can design the analog precoding
vector fs at the source. The simplified optimization problem

concerning fs can be established by slightly modifying (20),
and ES method is used to search for the best candidate in the
feasible set Fs. The details will not be presented here.

C. FULLY DIGITAL PROCESSOR DESIGN AT THE RELAY
Next, we solve the fully digital relay processor Fr,opt with
fixed fs and w. The algorithm in the authors’ previous
work [24] can be utilized to solve the fully digital relay
processor Fr,opt . We first introduce another lemma for the
derivation of the transceiver design.
Lemma 2 [25]: For matrices A ∈ Cm×n, B ∈ Cn×m,

C ∈ Cn×n, we have the following identities

vec (ACB) =
(
BT ⊗ A

)
vec (C) , (21)

tr (ACB) = vecH
(
AH

)
(Im ⊗ C) vec (B) . (22)

By applying Lemma 2, the terms in the numerator and the
denominator of (11), and the power constraint in (12) can be
modified as

wH ĤrdFr83FHr Ĥ
H
rdw

= vecH
(
8

1/2
3 FHr Ĥ

H
rdw

)
vec

(
8

1/2
3 FHr Ĥ

H
rdw

)
= vecH

(
FHr
) [(

ĤH
rdw

)∗ (
ĤH
rdw

)T
⊗83

]
vec

(
FHr
)
,

(23)

tr
(
Fr83FHr

)
wHw

= vecH
(
FHr
) (

wHwI⊗83

)
vec

(
FHr
)
, (24)

wH ĤrdFrFHr Ĥ
H
rdw

= vecH
(
FHr
) [(

ĤH
rdw

)∗ (
ĤH
rdw

)T
⊗ I
]
vec

(
FHr
)
, (25)

tr
(
FrFHr

)
wHw = wHwvecH

(
FHr
)
vec

(
FHr
)
, (26)

EHsr

[
‖Fr

(√
ρsrHsr fss+ zsr

)
‖
2
F

]
= tr

[
Fr (ρsr83 + I)FHr

]
= vecH

(
FHr
)
[I⊗ (ρsr83 + I)] vec

(
FHr
)
. (27)

From (23)-(27), for fixed fs and w, the optimization prob-
lem for Fr can be modified as

max
{Fr }

vecH
(
FHr
)
84vec

(
FHr
)

vecH
(
FHr
)
85vec

(
FHr
)

s.t. vecH
(
FHr
)
[I⊗ (ρsr83 + I)] vec

(
FHr
)
= 1. (28)

where

84 =

(
ĤH
rdw

)∗ (
ĤH
rdw

)T
⊗83 + wHwI⊗83, (29)

85 =

(
ĤH
rdw

)∗ (
ĤH
rdw

)T
⊗ I+ wHwI+ I⊗ (ρsr83 + I).

(30)

It is noted that 84 is Hermitian and 85 is positive definite
Hermitian. Therefore, the optimization problem (28) is a gen-
eralized Rayleigh quotient problem. By which, vec

(
FHr,opt

)
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can be solved by taking the singular value decomposi-
tion (SVD) of matrix 8−H/25 848

−1/2
5 , and setting

vec
(
FHr,opt

)
= µ8

−1/2
5 umax , (31)

where umax is the eigenvector of 8−H/25 848
−1/2
5 corre-

sponding to the largest eigenvalue, µ is a scaling parameter
whose value is obtained by substituting (31) into the power
constraint in (28) as

µ =

√
1

uHmax8
−H/2
5 [I⊗ (ρsr83 + I)]8−1/25 umax

. (32)

By reorganizing the elements of vec
(
FHr,opt

)
back into

the matrix structure, we obtain the fully digital relay
processor Fr,opt .

D. OMP-BASED HYBRID PROCESSOR
DESIGN AT THE RELAY
The hybrid relay processors can be designed based on the
sparse approximation. The optimization problem for mini-
mizing the Frobenius norm of the differences between Fr,opt
and the cascade of the relay processing matrices, i.e., Fr,t ,
Fr,bb, and Fr,r , is written as

min
{Fr,t ,Fr,bb,Fr,r}

‖Fr,opt − Fr,tFr,bbFr,r‖F

s.t. F(i)
r,t ∈ Fr,t , F(i)

r,r ∈ Fr,r ,

tr
[
Fr,tFr,bbFr,r (ρsr83 + I) · FHr,rF

H
r,bbF

H
r,t

]
= 1.

(33)

Define Ar,t and Ar,r as the matrices containing all
elements of Fr,t and Fr,r , respectively. The modified OMP-
based algorithm to design the hybrid relay processors is sum-
marized in Algorithm 1, in which the columns of Fr,opt are
approximated by a linear combination of selected columns in
Ar,t and Ar,r , with the nonzero elements in Fr,bb specify the
weights.

In steps 4, 5 and 6 of this algorithm, the column of Ar,r
that correlates mostly with the residual Fr,res is selected and
appended to Fr,r . Then in steps 7, 8 and 9, the column of
Ar,t that correlates mostly with the product of Fr,res and FHr,r
is selected and appended to Fr,t . In step 10, the baseband
processor Fr,bb is obtained by solving the least squares prob-
lem Fr,opt = Fr,tFr,bbFr,r . The residual Fr,res is updated
by subtracting the selected columns in step 11. The process
continues until all Nr,rf columns of Fr,t and FTr,r have been
determined. At the end of this algorithm, the power constraint
is guaranteed by step 13.

E. HYBRID TRANSCEIVER DESIGN
The hybrid transceiver design via alternating maximization is
finally described in Algorithm 2. Notice that, each iteration
in Algorithm 2 will increase the SNR, which has a finite
value. Although the proposedmethodmay not converge to the
global optimum, it can always achieves a stationary point, and

Algorithm 1 OMP-Based Algorithm to Design the Hybrid
Relay Processors
Require: Fr,opt , Ar,t and Ar,r ;
1: Fr,t = Fr,r = Empty Matrix;
2: Fr,res = Fr,opt ;
3: for i ≤ Nr,rf do
4: 0r,r = Fr,resAr,r ;
5: m = argmaxi=1,...,NclNray

(
0Hr,r0r,r

)
i,i;

6: Fr,r =
[
Fr,r |A

(m)
r,r

]T
;

7: 0r,t = AH
r,tFr,resF

H
r,r ;

8: n = argmaxi=1,...,NclNray
(
0r,t0

H
r,t
)
i,i;

9: Fr,t =
[
Fr,t |A

(n)
r,t

]
;

10: Fr,bb =
(
FHr,tFr,t

)−1 FHr,tFr,optFHr,r (Fr,rFHr,r)−1;
11: Fr,res =

Fr,opt−Fr,tFr,bbFr,r
‖Fr,opt−Fr,tFr,bbFr,r‖F

;
12: end for
13: Fr,bb =

Fr,bb√
tr
[
Fr,tFr,bbFr,r (ρsr83+I)FHr,rF

H
r,bbF

H
r,t

] ;
14: return Fr,t , Fr,bb, and Fr,r .

Algorithm 2 Alternating Maximization Algorithm for
Hybrid Transceiver Designs
Initialization: fs,0 and Fr,0, set k = 0;
1: repeat
2: Optimize wk with fixed fs,k and Fr,k ;
3: Optimize fs,k with fixed wk and Fr,k ;
4: Optimize Fr,k with fixed wk and fs,k ;
5: set Fr,opt = Fr,k ;
6: Optimize Fr,t,k , Fr,bb,k , and Fr,r,k using Algorithm 1

based on Fr,opt ;
7: until a stopping criterion triggers

the convergence can thus be guaranteed to a local optimum.
Simulation results in Section IV show that the optimization
only takes few iterations to converge.

IV. NUMERICAL RESULTS
In this section, we numerically evaluate the performance of
the proposed method. We model the propagation channels
as a Ncl = 8 cluster environment with Nray = 10 rays per
cluster. For simplicity of exposition, we assume all clusters
are of equal power, i.e., σ 2

αi
= 1,∀i. The azimuth AoAs

and AoDs follow Laplacian distribution with uniformly dis-
tributed means over [0, 2π ) and angular spread 10 degrees.
The antenna elements in the ULA are separated by a half
wavelength distance, i.e., d = λ/2. The transmitted SNRs
and the powers of estimation errors for the source-relay and
relay-destination links are set to be equal, i.e., ρsr = ρrd and
σe,sr = σe,rd = σe. All the reported results are averaged over
5000 random channel realizations. The stopping criterion
of Algorithm 2 is chosen that the increasing SNR in each
iteration is below 1× 10−6.

In Fig 2, we plot the spectral efficiencies versus
transmitted SNRs for different estimation error settings.
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FIGURE 2. Spectral efficiencies versus transmitted SNRs with
Ns = Nd = 8, Nr = 16, Nr ,rf = 4.

FIGURE 3. Spectral efficiencies versus transmitted SNRs with
Ns = Nd = 16, Nr = 32, σ2

e = 1.

For comparison, we also include the average rates of the opti-
mal fully digital processor under perfect CSI, the hybrid pro-
cessor under perfect CSI, and the non-robust minimal mean
square error (MMSE) based design [12]. Configurations of
Ns = Nd = 8, Nr = 16, Nr,rf = 4 are considered. As shown
in the figure, the optimal fully digital processor produces the
best rates. The hybrid processor achieves spectral efficiencies
that are within a small gap from the optimality. The above
two designs are performed under the proposed structure with
perfect CSI assumption, which cannot be obtained in practice.
The proposed robust transceiver design provides substantial
gains over the non-robust MMSE-based design in [12] for
all SNRs. Furthermore, with the decreasing of the power of
estimation error, the proposed design approaches the hybrid
processor with perfect CSI as expected.

In Fig 3, we plot the spectral efficiencies with different
RF chains at the relay. Configurations of Ns = Nd = 16,
Nr = 32, σ 2

e = 1 are considered. The optimal fully digital
processor with perfect CSI is still the best. The small gap
from the optimality can be seen for the hybrid processor with

TABLE 1. The computational complexity of matrix operations required
per iteration for different hybrid transceiver designs.

TABLE 2. The average iteration numbers for the proposed method to
converge to a solution.

perfect CSI. The proposed robust transceiver design out-
performs the non-robust MMSE-based design. However,
because we consider only one stream in the system, increas-
ing the number of RF chains at the relay does not provide
further gains for the hybrid design. The designs for multi-
stream is the future direction of this work.

In the next, we compare the computational complexity of
different hybrid designs, i.e., the proposed design, the design
with perfect CSI, and the non-robust MMSE-based design.
As the OMP-based algorithm is required in all these schemes,
we list the computational complexity of matrix operations
required per iteration exclude the OMP-based algorithm
in Table 1. As we can see, the computational complexities of
the hybrid design with perfect CSI and the proposed scheme
are in the same order, and both of them are dominated by
the matrix inversions and SVD operations. As the matrix
dimensions introduced by the Kronecker product in these two
schemes are larger than the MMSE-based design, the com-
putational complexities of the first two are higher than the
latter one. However, the hybrid design with perfect CSI and
the proposed scheme can provide significant gains in spectral
efficiency compared with the MMSE-based design as shown
in Fig 2 and 3. Combined with the difficulty of perfect CSI
acquisition, the proposed design is more attractive than other
existing schemes in practice.

Fig 4 evaluates the accuracy of the approximation in (11).
For the evaluation, we generate power of the estimation error
randomly for each channel realization. The configurations
are Ns = Nd = 16, Nr = 32, Nr,rf = 8 for Scenario I;
Ns = Nd = 16, Nr = 32, Nr,rf = 4 for Scenario II; and Ns =
Nd = 8, Nr = 16, Nr,rf = 4 for Scenario III, respectively.
The received SNR in (8) and the first order Taylor’s series
expansion in (11) are averaged over 5000 random channel
realizations. It is shown that the value of ρ̃ in (11) is very close
to the Monte Carlo simulation of ρ in (8) for different config-
urations. The results demonstrate that the proposed objective
function is an accurate approximation of the average received
SNR for transceiver designs. In Table 2, the average iteration
numbers for the proposed method to converge to a solution
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FIGURE 4. Comparison of the average received SNR and the first order
Taylor’s series expansion in (10). Scenario I: Ns = Nd = 16, Nr = 32,
Nr ,rf = 8; Scenario II: Ns = Nd = 16, Nr = 32, Nr ,rf = 4; Scenario III:
Ns = Nd = 8, Nr = 16, Nr ,rf = 4.

have been listed for simulations in Fig 4. It is seen that it takes
less than 4 iterations for all the simulations, which means that
the proposed method converges very fast.

V. CONCLUSIONS
The robust hybrid transceiver design for mmWave AFMIMO
relay system is presented by taking the estimation error into
consideration. An accurate approximation of the average
received SNR is derived and used as the design criterion.
The value of the approximated SNR is shown to be very
close to the simulated value by the Monte-Carlo method
for different configurations, justifying its use as the design
criterion. An alternating maximization algorithm is proposed
to optimize the design criterion, in which an OMP-based
algorithm is utilized to design the precoder at the relay.
Numerical results show that the algorithm takes a few itera-
tions to converge, and provides substantial performance gains
over the existing non-robust designs.
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