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Abstract—In this paper, we propose a novel hybrid beamforming design
algorithm in multi-user massive multiple-input-multiple-output millimeterwave channels. In the proposed structure, we employ variable radio frequency attenuators at each phase shifter which flexibly controls the transmit
signal amplitude to achieve the performance of fully digital (FD) precoders.
We formulate a power loss minimization problem which can be easily solved
via the alternating optimization process. Simulation results demonstrate
that the proposed architecture achieves the same performance as the FD
scheme with the reduced number of radio frequency chains and the proposed scheme exhibits a 37.4% power gain over conventional methods.
Index Terms—Hybrid beamforming, variable RF attenuator, millimeter
wave systems.

I. INTRODUCTION
For the past decades, communication technologies have been developed to improve spectral efficiency (SE). Existing Long-Term
Evolution (LTE) systems have experienced difficulties in meeting
ever-increasing data traffic demand while facing the scarcity issue of
available bandwidth resources. In response to this, recently launched
fifth generation (5G) systems now adopt millimeter- wave (mmWave)
frequency bands, in which a much broader bandwidth can be exploited.
The mmWave transmission systems allow designing a massive antenna
array, which is composed of a large number of antenna elements, in a
small form factor [1], [2].
When employing the massive antenna array, a fully digital (FD)
beamforming approach induces high implementation cost [3], since a
radio frequency (RF) chain must be installed at every antenna elements.
To solve this cost issue, hybrid beamforming (HBF) techniques [4] that
separately design a baseband (BB) precoder and a RF precoder has been
studied, which reduces the required number of RF chains. However,
there exists a noticeable performance degradation compared to the FD
architecture due to constant power constraint imposed at phase shifters
of the RF precoder [4]–[10]. Some analytical results in [3] and [11] have
revealed that the performance gap between the FD scheme and the HBF
can be negligibly small when the number of RF chains is at least twice
that of data streams. However, such approaches still require a large
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number of RF chains in multi-user massive multiple-input-multipleoutput (MIMO) environments.
Recently, it has been shown in [3] and [12] that the HBF can approach
the performance of the FD scheme with the smaller number of RF
chains when the HBF is followed by a set of variable gain amplifiers
(VGA). The VGA based hybrid precoding scheme was proposed in [13]
for mmWave multi-user MIMO systems. However, it has been pointed
out in [14], [15] that the VGAs show poor performance in terms of
stability, power dissipation, and amplitude-scaling speed, which are
utmost important requirements for wideband applications. Instead, a
variable RF attenuator (VRA) which only changes the amplitude of the
analog signal can be a more attractive solution. Nevertheless, a HBF
design based on the variable RF attenuator has not yet been discussed
in the literature.
In this paper, we investigate a novel HBF design in which a VRA is
appended at each phase shifter. Contrary to the conventional HBF designs [4]–[12], the VRAs can flexibly control the RF signal amplitudes
which enables us to derive more effective precoders. One drawback of
the VRA is the radiation power loss at the RF front ends due to signal
attenuation. To reduce such an effect, we first define an attenuation
loss minimization problem which is generally non-convex. Then we
reformulate the problem such that it can be efficiently solved by an
alternating optimization process. Finally, we perform numerical simulations to validate the efficacy of our proposed algorithm. Simulation
results demonstrate that the proposed architecture achieves the same
SE as the FD scheme with much reduced RF chains at the expense
of a slight attenuation loss. Also, the proposed scheme has at least
37.4% gain over conventional HBF methods in terms of the attenuation
loss.
Throughout this paper, the following notations are used. Uppercase
boldface, lowercase boldface and normal letters represent a matrix,
a vector and a scalar number, respectively. The notation A(i,j) and
AF denote the (i, j)-th element and Frobenius norm of a matrix A,
respectively. The operators ◦, (·)T and (·)H indicate Hadamard product,
transpose and conjugate transpose, respectively. Further, |a| stands for
the amplitude of a complex number a.

II. SYSTEM MODEL
We consider a multi-user MIMO mmWave system where a base
station (BS) with NBS antennas and MBS RF chains supports K
user equipments (UEs) with NUE antennas and MUE RF chains. To
guarantee the effectiveness of the HBF system, the number of RF chains
is constrained by MBS < NBS and MUE < NUE . Each UE receives
Ns data streams so that a total of KNs data streams are handled by the
BS. Also, we assume a full data load situation, i.e., MBS = KNs and
MUE = Ns . The proposed HBF structure with variable RF attenuators
is illustrated in Fig. 1.
Let us denote FA ∈ RNBS ×MBS and WA,k ∈ RNUE ×MUE as the
RF attenuator matrices for a transmitter and a receiver, respectively,
(i,j)
(i,j)
such that |FA | ≤ 1 and |WA,k | ≤ 1 for ∀ i, j, k. Then the effective
NBS ×MBS
RF precoder FRFA ∈ C
at the BS and the RF combiner
WRFA,k ∈ C NUE ×MUE at the k-th UE are expressed as
FRFA  FRF ◦ FA ,

(1)

WRFA,k  WRF,k ◦ WA,k ,
NBS ×MBS

NUE ×MUE

(2)

and WRF,k ∈ C
represent the
where FRF ∈ C
RF precoder and the RF combiner of the traditional HBF, respectively.
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(i,j)
|WRFA,k | ≤ √

1
, ∀ i, j, k,
NUE

FRFA FBB 2F ≤ Prad ,

(7)
(8)

where Prad indicates the radiated power at the transmitter. The constraints in (6) and (7) come from the fact that the VRAs in the effective
RF precoder FRFA and the combiners WRFA,k serve to reduce the
amplitude of each phase shifter output, and (8) accounts for the radiated
power constraint at the BS.

III. HYBRID BEAMFORMING WITH ATTENUATION LOSS
MINIMIZATION

Fig. 1. Proposed hybrid beamforming structure with variable RF attenuator
in multi-user massive MIMO systems.

A. Effects of Variable RF Attenuators

As a result, we obtain the received signal at the k-th UE as
yk = Hk FRFA FBB s + nk ,

(3)

between the BS and the kwhere Hk denotes the channel matrix

th UE. FBB stands for FBB  FBB,1 , FBB,2 , . . . , FBB,K with
MBS ×Ns
F
 BB,k ∈ C
 being the precoding matrix for the k-th UE, s 
T
T
T T ∈ C KNs ×1 is the transmitted symbol vector of data
s1 , s2 , . . . , sK

streams, sk ∈ C Ns ×1 represents the symbol vector for the k-th UE,
and nk ∈ C NUE ×1 indicates the independent identically distributed
(i.i.d.) additive complex Gaussian noise vector at the k-th UE. Note
that FBB ∈ C MBS ×MBS is invertable since a full data load is assumed.
Also, we adopt a general mmWave channel model which captures the
highly directional propagation property [4].
Next, the k-th UE combines its received signals by the RF attenuator
WA,k , the RF combiners WRF,k and the BB combiner WBB,k ∈
C MUE ×Ns . The resultant signal at the k-th UE becomes
H
H
k = WBB,k
y
WRFA,k
Hk FRFA FBB,k sk

+

K


H
H
WBB,k
WRFA,k
Hk FRFA FBB,i si

(4)

Note that WRFA,k reduces the noise power as well as the signal power
equally, and thus the received signal-to-noise ratio remains unchanged.
From (4), the sum rate can be computed as

K


H
H
log2 (|INs + R−1
c WBB,k WRFA,k Hk FRFA FBB,k

k=1
H
H
× FH
BB,k FRFA Hk WRFA,k WBB,k |),

(5)

K
H
H
H
where Rc 
i=1,i=k WBB,k WRFA,k Hk FRFA FBB,i × FBB,i
H
2
H
H
FH
H
W
W
+
σ
W
W
W
W
RFA,k
BB,k
RFA,k
BB,k .
RFA k
BB,k
RFA,k
Here, the effective RF precoder and RF combiner are constrained by
(i,j)
|FRFA | ≤ √

1
, ∀ i, j,
NBS

NBS

the constant magnitude constraint, which is normally imposed to conventional HBF methods. Moreover, the maximum rank of FRFA FBB
equals MBS which is identical to that of FFD , since FBB is an
MBS × MBS unconstrained square matrix under the full data load
assumption. This demonstrates that any FD precoder FFD can be
expressed as a multiplication of the effective RF precoder FRFA and
the unconstrained weight matrix FBB . Note that the same argument
can be made for WFD,k = WRFA,k WBB,k without loss of generality.
Therefore, unlike conventional HBF methods, our proposed structure
with variable RF attenuators can reproduce the FD transceiver FFD and
the receiver WFD,k , and thus provides the same performance as the
FD scheme with the reduced number of RF chains. To compensate for
the attenuation loss caused by the VRA, more power may be needed
at the pre-attenuator stage. To minimize such a loss, we propose an
efficient HBF design algorithm which minimizes the attenuation loss
at the transmitter in the next subsection.

Let us denote Ppre_att and Ppost_att as the transmitter power before
and after the attenuator, respectively. Then, we can define the attenuation loss PA under the assumption FRFA FBB = FFD as
PA = Ppre_att − Ppost_att = FRF FBB 2F − FRFA FBB 2F
= FRF FBB 2F − FFD 2F .

R(FRFA , FBB , WRFA,k , WBB,k )
=

In the proposed HBF structure with variable RF attenuators, each
element of the effective precoder FRFA can have magnitude within
[0, √ 1 ]. This means that the effective precoder FRFA is free from

B. Proposed HBF Design With Attenuation Loss Minimization

i=1,i=k
H
H
+ WBB,k
WRFA,k
nk , k = 1, 2, . . . , K.

In this section, we first show that the proposed HBF architecture with
the VRA can achieve the performance of the FD precoding systems.
Then, we suggest a new HBF design algorithm that minimizes the
attenuation loss.

(6)

(9)

Thus, the objective function that minimizes the attenuation loss PA is
simple as it is essentially equivalent to minimizing FRF FBB 2F since
FFD is fixed for given channel state information. However, it is still not
easy to handle constraints (6) and (7) due to the Hadamard product.
To resolve such an issue, let us introduce a new attenuator loss matrix
FL ∈ C NBS ×MBS as
FL = FRF − FRFA ,

(10)

where the phase of FRFA , FRF , and FL should remain the same, i.e.,
(i,j)
(i,j)
(i,j)
∠ FRFA = ∠ FRF = ∠ FL , for all i and j because the attenuator
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coefficient matrix FRFA controls the amplitude only. Also, for the
sake of mathematical convenience, we set FBB = η1 FBB where η ∈ R
represents a normalization factor to satisfy constraint (8). Then, with
equation (10), FRF FBB 2F can be expressed as
1
1
FRF FBB 2F =  FRFA FBB + FL FBB 2F
η
η
= FFD +

1
FL FBB 2F .
η

(11)

Finally, we can rewrite the attenuation loss minimization problem as

2


FFD + 1 FL FBB 
(P-1)
min
(12a)


η
η,FRFA ,FRF ,FL ,FBB
F
s.t. FFD =

1
FRFA FBB ,
η

(i,j)
|FRFA | ≤ √
(i,j)
FRF = √
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Algorithm 1: Attenuation Loss Minimization.
Obtain the FD precoder solution FFD , and
initialize η and FL
Repeat
Obtain FBB from (13) for given η and FL .
Update η from (15) for given FBB .
Obtain FRFA from (14) for given η and FBB .
Obtain FRF from (12d).
Obtain FL from (12e).
until convergence

(12b)

1
, ∀ i, j,
NBS

(12c)

1
(i,j)
exp(j∠ FRFA ), ∀ i, j,
NBS

(12d)

FL = FRF − FRFA ,

(12e)

FRFA FBB 2F

(12f)

≤ Prad,

where (12b) is the constraint for achieving the same SE as the FD and
(12d) is the same phase constraint described in (10).
Now, we solve the problem (P-1) by adopting an alternating optimization method that contains a few simple steps. First, for any given
initial values of η and FL , we can determine FBB by setting the first
derivative of (12a) with respect to FBB to zero as
−1 H
FBB = −η(FH
L FL ) FL FFD .

Fig. 2.

Convergence of the proposed algorithm.

(13)

Note that FFD can be predetermined by an existing optimization
methods such as the weighted minimum mean square error method [16].
Second, as FBB is invertible, FRFA can be updated as
−1

FRFA = ηFFD FBB ,

(14)

due to the constraint in (12b) where we have
η= √

1
−1

NBS max |(FFD FBB )(i,j) |

,

(15)

i,j

to minimize (12a) while satisfying the condition (12c).
Finally, the RF precoder FRF and the attenuator loss matrix FL
can be acquired from (12d) and (12e), respectively. These steps are
repeated until convergence. Due to joint non-convexity of (P-1), NG
different initial points are applied and the best solution is selected
which minimizes PA . The proposed minimization algorithm for (P-1)
is summarized in Algorithm 1.

IV. SIMULATION RESULTS
In this section, we present simulation results to demonstrate the
performance of the proposed HBF architecture and the attenuation loss
minimization algorithm. We consider the carrier frequency of 60 GHz
for multi-user mmWave systems. We employ a uniform planar array
and adopt a mmWave propagation channel model with 8 scattering
clusters and 10 propagation paths per each cluster. We set the range of
the average azimuth and elevation angles at a BS to 120◦ and 90◦ , respectively. Also, the antenna at a UE is assumed to be omni-directional.

Fig. 3. Average sum-rate comparison with respect to Prad for K = 4, NBS
= 64, NUE = 16, MBS = 8 and MUE = 2.

The distance between a BS and each UE is fixed to 300 m, and the noise
figure is 9 dB.
In Fig. 2, we first examine the convergence of the proposed
algorithm for K = 4, NBS = 64 and Prad = 20 dBm. It is seen
from the figure that the proposed algorithm converges within
only a few iterations. We observe that NG = 20 is sufficient to
achieve the best performance. The complexity of the proposed
3
2
) + O(NG Ni MBS
NBS ) +
algorithm is computed as O(NG Ni MBS
2
O(NG Ni MBS NBS ) + O(NG Ni MBS ) + O(NG Ni ), where Ni indicates the number of iterations until convergence.
In Fig. 3, we plot the average sum-rate performance of various
schemes with respect to the radiated power Prad with K = 4, NBS =
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an effective HBF design algorithm which minimizes the attenuation loss
in the proposed architecture. Simulation results have confirmed that
the proposed algorithm requires much lower power compared to other
conventional HBF schemes. A more practical scenario with imperfect
channel-state information would be an important future work.
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