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millimeter-wave (mmWave) systems. There are different hybrid architectures in HBF depending on different connection strategies of the 
phase shifter network between antennas and radio frequency chains. This paper investigates HBF optimization with different hybrid architec⁃
tures in broadband point-to-point mmWave MIMO systems. The joint hybrid architecture and beamforming optimization problem is divided 
into two sub-problems. First, we transform the spectral efficiency maximization problem into an equivalent weighted mean squared error mini⁃
mization problem, and propose an algorithm based on the manifold optimization method for the hybrid beamformer with a fixed hybrid archi⁃
tecture. The overlapped subarray architecture which balances well between hardware costs and system performance is investigated. We fur⁃
ther propose an algorithm to dynamically partition antenna subarrays and combine it with the HBF optimization algorithm. Simulation results 
are presented to demonstrate the performance improvement of our proposed algorithms.
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1 Introduction

Millimeter-wave (mmWave) communication has 
emerged as a key technology for fifth-generation 
(5G) wireless networks to cope with the dilemma 
between scarce sub-6 GHz spectrum resources 

and people’s rapidly growing demand for higher data trans⁃
mission[1–4]. MmWave’s short wavelength makes it conve⁃
nient to arrange large-scale antenna arrays at the transceiver 
end to compensate for the high propagation loss, and thus 
massive multiple-input and multiple-output (MIMO) be⁃
comes attractive in mmWave systems. However, conven⁃
tional fully digital beamforming (FDBF) requires a separate 
radio frequency (RF) chain for each antenna and will result 
in huge hardware costs and power consumption in massive 
MIMO systems[5]. Therefore, hybrid beamforming (HBF) that 
requires very few RF chains has become a research hotspot 
recently[6–8].

HBF has different hybrid architectures depending on differ⁃
ent connection strategies between antennas and RF chains. 
The fully-connected (FC) architecture and the partially-
connected (PC) architecture are two conventional hybrid archi⁃
tectures. Most previous works considered the FC architecture. 
In Ref. [9], the authors applied the orthogonal matching pur⁃
suit algorithm to design the column vectors of the analog pre⁃
coding matrix based on codebooks. The authors in Ref. [10] 
proposed an HBF algorithm based on the coordinate update it⁃
eration method in the narrowband point-to-point MIMO sys⁃
tem. The authors in Ref. [11] proposed an alternating minimi⁃
zation algorithm based on manifold optimization (MO) by mini⁃
mizing the Frobenius norm between the HBF matrix and the 
FDBF matrix. The authors in Ref. [12] took the mean square 
error minimization as the optimization goal and the designed 
HBF algorithms based on MO and generalized eigenvalue de⁃
composition (EVD).

On the other hand, the PC architecture, where each antenna 
is only connected to only one RF chain instead of all RF 
chains, can reduce the power consumption and hardware costs 
compared with the FC architecture at the cost of certain sys⁃
tem performance loss. A low-complexity HBF optimization al⁃
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gorithm based on the positive semi-definite relaxation for the 
PC architecture has been proposed in Ref. [11]. The HBF opti⁃
mization algorithms based on element iteration and MO for the 
PC architecture in the broadband system have also been pro⁃
posed in Ref. [13].

To achieve a good compromise between hardware costs and 
system performance, other fixed hybrid architectures have 
also attracted research attention recently. The authors in Ref. 
[14] proposed a partially-fully connected architecture that 
combines the FC and PC architectures and designed algo⁃
rithms based on continuous interference cancellation and ma⁃
trix factorization. The authors in Ref. [15] designed an alterna⁃
tive minimization algorithm for this architecture. An over⁃
lapped (OL) subarray architecture and a heuristic unified low-
rank sparse recovery algorithm were proposed in Ref. [16]. 
The authors in Ref. [17] proposed a generalized subarray-
connected architecture, and developed a successive interfer⁃
ence cancellation-based HBF algorithm along with an exhaus⁃
tive search algorithm to maximize the system energy efficiency.

Since the hardware costs and power consumption of 
switches in mmWave massive MIMO systems are relatively 
small[18–19], the dynamic hybrid architecture becomes a 
promising approach to achieving a better balance between 
hardware costs and system performance. The authors in Ref. 
[20] proposed a greedy algorithm with low complexity to par⁃
tition the antennas over RF chains. A low complexity algo⁃
rithm to design the optimal partition using statistical chan⁃
nel state information was proposed in Ref. [21]. The authors 
in Ref. [22] considered the scenario of ultra-wideband 
mmWave and terahertz frequency band and decomposed the 
precoding problem into multiple subproblems under the FC 
architecture.

In this paper, we investigate the HBF algorithms with differ⁃
ent hybrid architectures for broadband mmWave massive 
MIMO systems, aiming at maximizing the spectral efficiency. 
Based on the equivalence between the spectral efficiency 
maximization (SEM) problem and the weighted minimum 
mean square error minimization (WMMSE) problem, we de⁃
sign the beamforming optimization algorithm to directly tackle 
the original SEM optimization problem instead of the conven⁃
tional indirect design approach of approximating the FDBF 
matrix with the HBF matrix. We adopt the alternating minimi⁃
zation method to decompose the joint transmitting and receive⁃
ing HBF optimization problem into two sub-problems. It shows 
that both the digital precoding and combining optimization 
sub-problems have closed-form optimal solutions. To further 
optimize the analog precoder and combiner, we apply the MO 
method to deal with the constant modulus constraint. In con⁃
trast to Ref. [11], where the MO method was applied to solve 
the matrix approximation problem with the objective of mini⁃
mizing the Frobenius norm between the FDBF matrix and the 
HBF matrix of the FC architecture, in our work, the MO 
method is applied to solve the HBF problem with the WMMSE 

objective and for arbitrary hybrid architectures by introducing 
the Hadamard product of the analog precoder and a connec⁃
tion matrix. Apart from the conventional FC and PC architec⁃
tures, we consider the OL architecture and the PC architec⁃
ture with dynamic subarrays (PC-dynamic architecture). In 
particular, we simulate three specific types of fixed OL archi⁃
tectures with a uniform planar array (UPA) and find that our 
proposed HBF optimization algorithm could achieve a compro⁃
mise between hardware costs and system performance com⁃
pared with conventional fixed architectures. Besides, for the 
PC-dynamic architecture, we derive a lower bound of the origi⁃
nal WMMSE objective, based on which, and with some ap⁃
proximations we formulate an eigenvalue maximization prob⁃
lem. Then, we propose a greedy partition algorithm to optimize 
the dynamic partition of subarrays. Simulation results show 
that the PC-dynamic architecture with the proposed dynamic 
partition algorithm can achieve significant performance im⁃
provement over the fixed PC architecture.

We denote matrices and vectors by boldface capitals and 
lower-case letters respectively. ( ⋅ ) T and ( ⋅ ) H denote the 
transpose and the complex conjugate transpose of a matrix or 
vector, respectively. tr ( ⋅ ) and  ⋅ F represent the trace and 
the Frobenius norm of a matrix, respectively. E [ ⋅ ] is the sta⁃
tistical expectation, ⊙ is the Hadamard product of two matri⁃
ces, IN denotes the N × N identity matrix, and CN (0, K ) rep⁃
resents the circularly symmetric complex Gaussian distribu⁃
tion with zero mean and covariance matrix K.
2 System Model and Problem Formulation

2.1 System Model
In this paper, we consider the downlink of a broadband 

mmWave MIMO-orthogonal frequency division multiplexing 
(OFDM) system with HBF, as shown in Fig. 1. The transmitter 
first precodes Ns data streams, denoted by the vector 
sk ∈ CNs × 1, and at the k-th subcarrier uses a digital pre⁃
coder FBB, k ∈ CN tRF ×  Ns, for k = 0,…, N - 1 with N denoting the 
number of subcarriers. Then, N tRF output streams are trans⁃
formed into the time domain by the N-point inverse fast Fou⁃
rier transform. After adding cyclic prefixes (CPs), the signals 
are further precoded by an analog precoder FRF ∈ CNt × N tRF 
composed of a number of phase shifters. It is worth noting that 
in the HBF design for broadband systems, the digital beam⁃
formers can be optimized for different subcarriers, in contrast, 
the analog one is invariant for the whole frequency band and 
thus FRF is not related to the subcarrier index. It is also worth 
noting that FRF can represent different hybrid architectures. In 
particular, we define a connection matrix 
Up ∈ CN t × N tRF,[Up ]

ij
∈ {0,1} to represent the connection strat⁃

egy with any specific hybrid architecture, where [Up ]
i,j = 1 in⁃

dicates that the j-th RF chain is connected to the i-th antenna. 

94



ZTE COMMUNICATIONS
September 2023 Vol. 21 No. 3

TANG Yuanqi, ZHANG Huimin, ZHENG Zheng, LI Ping, ZHU Yu 

Hybrid Architecture and Beamforming Optimization for Millimeter Wave Systems   Research Papers

The analog beamformer with any arbitrary fixed hybrid archi⁃
tecture can be represented by:
FRF = F FCRF⊙Up, (1)

WRF = W FCRF⊙Uc, (2)
where F FCRF and W FCRF represent the analog precoder and com⁃
biner with the FC architecture, respectively.

We consider four hybrid architectures for analog beam⁃
forming as depicted in Fig. 2. In the FC architecture shown in 
Fig. 2(a), each RF chain is connected to all antenna elements 
so that a total of Nt N

tRF phase shifters are required. In the PC 
architecture shown in Fig. 2(b), each RF chain is connected 
to an antenna subarray while each antenna is connected to 
only one RF chain, so that a total number of Nt phase shifters 
are required. In the OL architecture shown in Fig. 2(c), the 
antenna subarrays connected to each RF chain can overlap, 

where the overlapped antennas are connected to multiple RF 
chains at the same time. The number of phase shifters re⁃
quired lies between [Nt, Nt N

tRF ]. In the PC-dynamic architec⁃
ture based on a switch network in Fig. 2(d), the partition of 
the antenna subarrays can be dynamically adjusted by turn⁃
ing on or off the switches according to the system state, and a 
total number of Nt phase shifters and Nt N

tRF switches are re⁃
quired.

The transmitted signal at the k-th subcarrier via Nt anten⁃
nas is represented by xk = FRFFBB, k sk, where FBB, k and FRF 
satisfy the power constraint  FRFFBB, k

2
F

≤ 1. After passing 
through the channel matrix at the k-th subcarrier Hk ∈ CNr ×  N t, 
the signals reach the receiver which is equipped with Nr anten⁃
nas. The received signals are first processed by an analog com⁃
biner WRF ∈ CNr ×  N tRF, which is also shared by all subcarriers. 
Then, after removing CPs and performing the fast Fourier 
transform, a digital combiner WBB, k ∈ CN tRF ×  Ns is deployed at 

▲Figure 1. Downlink single-user mmWave multiple-input multiple-output orthogonal frequency division multiplexing (MIMO-OFDM) system with 
hybrid beamforming (HBF)

CP: cyclic prefix     IFFT: inverse fast Fourier transform     RF: radio frequency

▲Figure 2. Diagram of four hybrid architectures

RF: radio frequency
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each subcarrier. Finally, the processed signal at the k-th sub⁃
carrier can be expressed as:
yk = W HBB,kW HRFHkFRFFBB,k sk + W HBB,kW HRFnk,   
for  k = 0,…, N - 1, (3)

where nk~CN (0, σk
2 INr

) denotes the additive white Gaussian 
noise at the k-th subcarrier.
2.2 Channel Model

We consider the clustered delay line (CDL) model devel⁃
oped by 3GPP, which takes the mmWave propagation charac⁃
teristics into account, and can better characterize spatial corre⁃
lations for 3D channels. Besides the normalized delay and the 
power, the azimuth angle of departure (AOD), the azimuth 
angle of arrival (AOA), the zenith angle of departure (ZOD), 
and the zenith angle of arrival (ZOA) are also defined in the 
CDL model. Three types of the CDL model, i.e., CDL-A, CDL-
B and CDL-C, are constructed to represent different channel 
profiles for the non-line of sight (NLOS) scenarios, while two 
types, i.e., CDL-D and CDL-E, are constructed for the line-of-
sight scenarios[23]. The NLOS channel coefficient of the n-th 
cluster with M rays between the transmit and receive antennas 
(u and s respectively) at time instant t and delay τ is given by:

H NLOS
u,s,n ( )t = Pn

M ∑
m = 1

M é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úF rx,u,θ( )θn,m,ZOA,ϕn,m,AOA

F rx,u,ϕ( )θn,m,ZOA,ϕn,m,AOA

T

×

é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úexp ( )jΦθθ
n,m K -1

n,m exp ( )jΦθϕ
n,m

K -1
n,m exp ( )jΦϕθ

n,m exp ( )jΦϕϕ
n,m

é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úF tx,u,θ( )θn,m,ZOD,ϕn,m,AOD

F tx,u,ϕ( )θn,m,ZOD,ϕn,m,AOD
×

exp ( )j2πλ-10 ( )rTrx,n,m ḋrx,s exp ( )j2πλ-10 ( )rTtx,n,m ⋅ ḋ tx,s exp ( )j2πvn,m t ,
where the definitions of parameters are given in Table 1.
2.3 Problem Formulation

We jointly optimize the hybrid architecture and the hybrid 
beamformers to maximize the spectral efficiency over N sub⁃
carriers subject to the constant modulus constraint of the ana⁃
log beamformers and the power constraint of the transmitter. 
The problem can be formulated as follows:

maximize
FBB,k,F FCRF ,W FCRF ,WBB,k,Up,Uc

1
N∑k = 1

N Rk

subject to  Fk

2
F ≤ 1,∀k ;

 |
|
|||||

|
|||| [ ]F FCRF ij

= 1, |
|
|||||

|
|||| [ ]W FCRF ij

= 1,∀i,j ;
 [ ]Up

ij
,[ ]Uc ij

∈ 0,1,∀i,j ;
 Up 1 = Np1, ( )Up 2 = Np2, (4)

where Rk = log |||||| INs
+ σ2

k(Wk
HWk )-1

Wk
HHkFkF

H
k H

H
k Wk

|
|
|||| is the 

achievable spectral efficiency at each subcarrier, and Fk =
(F FCRF⊙Up )FBB,k,Wk = (W FCRF⊙Uc )WBB,k. Np1 and Np2 are the 
predetermined numbers of phase shifters used at the transmit⁃
ter and the receiver, respectively.

It has been proved in Ref. [13] that the SEM problem can 
be transformed into an equivalent WMMSE problem, which is 
more tractable. The modified mean square error (MSE) is de⁃
fined as:
E ≜ E é

ë( β-1y - s) ( β-1y - s) Hù
û , (5)

where β is a scaling factor to be jointly optimized with the hy⁃
brid beamformers. The WMMSE problem in the broadband 
scenario can be formulated as:

minimize
FU,k,F FCRF ,W FCRF ,WBB,k,Up,Uc,βk,Tk

1
N∑k = 1

N   ( )TkEk - log ||Tk

subject to ( )Fk

2
F ≤ 1,∀k ;

 |
|
|||||

|
|||| [ ]F FCRF ij

= 1, |
|
|||||

|
|||| [ ]W FCRF ij

= 1,∀i,j ;
 [ ]Up

ij
,[ ]Uc ij

∈ { 0,1 } ,∀i,j ;
( )Up 1 = Np1, ( )Uc 2 = Np2, (6)

where Tk and Ek =  INs
- β-1

k F H
k H

H
k Wk - β-1

k W
H
k HkFk +

β-2
k σ2

kW
H
k Wk + β-2

k W
H
k HkFkF

H
k H

H
k Wk  are respectively the 

weight matrix and the MSE matrix for the k-th subcarrier, and 
FU,k = β-1

k FBB,k. Since the joint optimization of the hybrid beam⁃
forming and architecture is hard to solve, we decompose the prob⁃
lem into two subproblems: the HBF optimization problem with a 
fixed architecture and the architecture optimization problem.
3 HBF Optimization with Fixed Architecture

In this section, we apply the alternating minimization 
method and the MO method to optimize the hybrid beamform⁃
ers with a fixed hybrid architecture. The WMMSE problem is 
formulated as:

▼ Table 1. Definitions of some parameters in the clustered delay line 
(CDL) channel model

Parameter
Pn

Frx,u, F tx,s
Φn,m
Kn,m
λ0

rrx,n,m,rtx,n,m
vn,m

Definition
Power of the n-th cluster

Radiation patterns of the receiving and the transmitting antennas
Random initial phases of different polarization combinations

Cross polarization power ratio for the m-th ray in the n-th cluster
Carrier wavelength

Spherical unit vectors of the receiving and the transmitting antennas
Velocity vector
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minimize
FU,k,FRF,WRF,WBB,k,βk,Tk

1
N∑k = 1

N   ( )TkEk - log ||Tk

subject to ( )FU,kFRF
2
F ≤ β-2

k ,∀k ;

 |
|
|||||

|
|||| [ ]FRF ij

=
ì

í

î

ïïïï

ïïïï

1,i,j ∈ { }i,j||[ ]Up
ij
|= 1

0, else
;

 |
|
|||||

|
|||| [ ]WRF ij

=
ì
í
î

ïï

ïïïï

1,i,j ∈ { }i,j||[ ]Uc ij
|= 1 ,∀i,j

0, else
.

(7)
Since the joint optimization problem of the five variables in 

Eq. (7) is hard to solve, we adopt the alternating minimization 
method to decouple the optimization of the transmitter and re⁃
ceiver and solve the two subproblems separately.
3.1 Transmitter Design

In this subsection, we fix the hybrid combiner Wk and opti⁃
mize the hybrid precoder. Firstly, the closed form solution of 
Tk can be obtained as follows by differentiating the objective 
function with respect to Tk

Tk = E-1
k . (8)

Secondly, the optimal digital precoder FBB,k and the scaling 
factor βk at each subcarrier can be derived with fixed FRF. Considering the power constraint, it can be proved that the op⁃
timal βk can only be achieved with the maximum transmit 
power, and the optimal βk is given by:

βk = 1/  FRFFU,kF HU,kF HRF
2
F

. (9)
According to the Karush-Kuhn-Tucker (KKT) conditions, 

FU,k has a closed-form solution as follows:
FU,k = (F HRFGkG

H
k FRF + ξkF

HRFFRF )-1
F HRFGk, (10)

where ξk = (σ2
k tr (TkW

H
k Wk ) )-1 and Gk = H H

k Wk. Thirdly, by substituting Tk,βk and FBB,k back into the origi⁃
nal objective function, the optimization problem of FRF can be 
obtained as follows:

minimize
FRF

f ( )FRF

subject to |
|
|||||

|
|||| [ ]FRF ij

=
ì

í

î

ïïïï

ïïïï

1,i,j ∈ { }i,j||[ ]Up
ij
|= 1

0, else
,

(11)
where f (FRF ) = 1

N ∑
k = 1

N tr ( )( )T -1
k + ξkG

H
k FRF (F HRFFRF )-1F HRFGk

-1 .
Next, we use the MO method to design FRF. The basic idea 

is to define a Riemannian manifold considering the constant 

modulus constraint, and iteratively update FRF along the direc⁃
tion of the Riemann gradient in a way similar to the conven⁃
tional Euclidean gradient descent algorithm[12]. The key is to 
derive the Euclidean conjugate gradient of f (FRF ) with the FC 
architecture, which is given by:

∇F FCRF
f (FRF ) = 1

N ∑
k = 1

N

ξk(FRF(F HRFFRF )-1
F HRF - INt )

GkΩ
-2
k GH

k FRF(F HRFFRF )-1, (12)
where Ωk ≜ T -1

k + ξkG
H
k FRF(F HRFFRF )-1

F HRFGk. Since f (FRF ) 
is only related to the antennas that are connected to each RF 
chain with any specified hybrid architecture and calculating 
the gradient involves the derivative with respect to each entry 
of FRF [13], with FRF = F FCRF⊙Up, it can be shown that:

∇f (FRF ) = ∇F FCRF
f (FRF )⊙Up. (13)

Then, we can obtain the Riemannian gradient by projecting 
the Euclidean gradient ∇f (FRF ) onto the tangent space, and 
update FRF with a proper step size determined by the well-
known Armijo backtracking algorithm. Finally, the retraction 
operation is applied to make the result satisfy the constant 
modulus constraint[11] as follows:

μd ↦  Retrx ( μd ) = vec é

ë

ê
êê
ê
ê
ê ( )x + μd

i

|( )x + μd
i
|
ù

û

ú
úú
ú
ú
ú .

(14)
It is worth noting that with Eqs. (12) and (13), the above al⁃

gorithm based on the MO method can be adopted in the HBF 
design with arbitrary hybrid architectures as there is no spe⁃
cific requirement to the connection matrix Up. Finally, the pre⁃
coder design with arbitrary fixed hybrid architectures is sum⁃
marized in Algorithm 1.
Algorithm 1: Hybrid precoder design based on the MO method
  Input: ξk,Gk,Tk,Up  1: Initialize FRF,0 with random phases, i = 0
  2: repeat
   3:  Select the step size μ
   4:  Update vec (FRF,i + 1 ) according to Eq. (14)
   5:  Update the Riemannian gradient g i = ∇f (FRF,i + 1 ) 
according to Eqs. (12) and (13)
   6:  Calculate g+

i ,d+
i  from x i to x i + 1   7:  Select Polak-Ribiere parameter ηi + 1   8:  Calculate the conjugate direction d i + 1 = -g i + 1 +

ηi + 1d+
i   9:   Update i ← i + 1

  10: until a stopping condition is satisfied
  Output: FRF
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3.2 Receiver Design
With the fixed hybrid precoder, we can get the optimiza⁃

tion problem for the hybrid combiner. By differentiating Eq. 
(7) with respect to WBB,k, the closed-form solution of WBB,k is 
given by:
WBB,k = (W HRFG͂kG͂

H
k WRF + ξ͂kW

HRFWRF )-1
W HRFG͂k, (15)

where G͂k = β-1
k HkFk, ξ͂k = σ2

k β-2
k . By substituting Eq. (15) 

back into Eq. (7), we can get the optimization problem of WRF as follows:

minimize
WRF

g ( )WRF =
1
N ∑

k = 1

N tr ( )Tk( )INs
+ ξ͂-1

k  G͂ H
k WRF( )W HRFWRF

-1
W HRFG͂k

-1

subject to |
|
|||||

|
|||| [ ]WRF ij

=
ì
í
î

ïï

ïïïï

1, i, j ∈ { }i, j||[ ]Uc ij
|= 1

0, else
.

(16)
This problem is difficult to tackle due to the non-convex 

constraint. However, since it has a similar form to the design 
problem of the analog precoder in Eq. (11), we can also adopt 
the MO method to optimize the analog combiner in the same 
way as we optimize the analog precoder. Firstly, the key step 
is to derive the Euclidean gradient of g (WRF ) with the FC ar⁃
chitecture, which is given by:

g (WRF ) = 1
N ∑

k = 1

N

ξ͂k(WRF (W HRFWRF )-1W HRF -
    INr ) G͂kTkJ

-2
k G͂H

k WRF(W HRFWRF )-1, (17)
where Jk = Tk( INs + ξ͂kG͂

H
k WRF(W HRFWRF )W HRFG͂k ). Secondly, 

we can use the formula ∇g (WRF ) = ∇W FCRF
g (WRF )⊙Uc to ob⁃

tain the Euclidean gradient of g (WRF ) with any specified ar⁃
chitecture. Finally, with the derived gradient, we can optimize 
WRF by applying a procedure similar to that in Algorithm 1.
3.3 Alternating Optimization

We develop a joint hybrid precoding and combining opti⁃
mization algorithm based on the WMMSE criterion by itera⁃
tively and alternatively using Algorithm 1. During each it⁃
eration, with the fixed hybrid combiner Wk and the weight 
matrix Tk, we first optimize FRF,FBB,k according to Algorithm 
1. Then, with the fixed hybrid precoder, we optimize 
WRF,WBB,k. Finally, we update Tk according to Eq. (8). These 
steps are repeated until the stopping condition is satisfied. 
The stopping condition could be set as a maximum number 
of iterations or it depends on whether the relative difference 
between the objective function values of two consecutive it⁃
erations is smaller than a specific value. The HBF algo⁃
rithm with a fixed hybrid architecture is summarized in Al⁃

gorithm 2, which is referred to as the hybrid beamforming 
algorithm using manifold optimization under the WMMSE 
criterion (HBF-WMO algorithm).
Algorithm 2: The HBF-WMO algorithm
  Input: σk,Hk,∀k ∈ {1,⋯,N},Up,Uc
   1: Initialize WRF,0,FRF,0,Tk,0,WBB,k,0,i = 0
   2: repeat:
       3:  Compute FRF,i according to Algorithm 1
       4:  Compute βk,i,FU,k,i according to Eqs. (9) and (10)
       5:  Compute WRF,i according to Algorithm 1
       6:  Compute WBB,k,i according to Eq. (15)
       7:  Compute Tk,i = E-1

k,i       8:  i ← i + 1
   9: until a stopping condition is satisfied
   10: FBB,k = βkFU,k  Output: FRF, FBB, k, WRF, WBB, k

4 Subarray Partition Optimization with the 
PC-Dynamic Architecture
In this section, we propose an algorithm to dynamically allo⁃

cate antennas to each RF chain through a switch network in 
accordance with the channel state variation, and under the 
constraint that each antenna element is allocated only once. 
Since the size of the receive antenna array is relatively small 
compared with that of the transmitter, we only consider the ar⁃
chitecture optimization of the transmitter here. Based on the 
derived objective function in Eq. (11), the WMMSE problem 
for the optimization of the subarray partition with the PC-
dynamic architecture is given by

minimize
F FCRF ,Up

f ( )F FCRF⊙Up

subject to  |
|
|||||

|
|||| [ ]F FCRF ij

= 1 ;
 [ ]Up

ij
∈ { 0,1 } ;

( )Upi∙ 1 = 1,∀i,j, (18)
where Upi∙ dedicates the i-th row of Up. The original problem is 
difficult to solve directly, so we transform it into a more trac⁃
table one. First, let Sr denote the antenna subset connected to 
the r-th RF chain. We partition Nt antennas into N tRF subsets as:

⋃N tRF
r = 1  Sr = Sant, | Sr | > 0,Si ∩ Sj = ∅,∀i,j ∈ {1,⋯,N tRF},i ≠ j,

(19)
where | Sr | dedicates the number of elements in Sr and Sant =
{1,⋯,N t}. The optimization problem can be formulated as:
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minimize
{ }Sr

N tRF
r = 1

1
N ∑N

k = 1  tr ( )( )T -1
k + ξkG

H
k FRF( )F HRFFRF

-1
F HRFGk

-1

subject to |
|
|||||

|
|||| [ ]FRF ij

= ì
í
î

1,i ∈ Sj

0, else ;
⋃N tRF

r = 1  Sr = Sant, || Sr > 0, Si ∩ Sj = ∅, i ≠ j. (20)
It can be shown that the analog precoder with the conven⁃

tional fixed PC architecture satisfies F HRFFRF = Nt

N tRF
IN tRF

, since 
the number of antennas connected to each RF chain is as⁃
sumed to be the same. The equality does not hold in general 
with the PC-dynamic architecture since the number of anten⁃
nas connected to each RF chain is not the same. However, as 
all the RF chains are treated equally and the number of RF 
chains is assumed to be much less than the number of anten⁃
nas, it is very likely that the number of antennas connected to 
different RF chains tends to be close to each other, i. e., 
F HRFFRF ≈ Nt

N tRF
IN tRF

. According to the simulation results, the 
number of antennas in each subarray varies little with the opti⁃
mized partition. Thus, by using this approximation, the objec⁃
tive function in Eq. (20) can be written as:

J (FRF ) = 1
N ∑N

k = 1  tr (( ξk

N t
GH

k FRFF HRFGk )-1 ) . (21) 
Inspired by Ref. [12], where the authors derived a lower 

bound of the original MMSE problem and proposed the EVD 
algorithm with the FC architecture, we derive the lower bound 
of J (FRF ) as:

 ∑k = 1
N t ( )M -1

k = ∑k = 1
N  ∑s = 1

Ns   λ-1
s ( )Mk ≥

∑k = 1
N   N 2s ( )∑s = 1

Ns  λs( )Mk

-1 ≥ N 2 N 2s ( )∑k = 1
N  tr ( )Mk

-1,（22）
where Mk ≜ T -1

k + ξk

N t
GH

k FRFF HRFGk, and λs (⋅) dedicates the ei⁃
genvalues of a matrix. The equality holds only if the values of 
tr (Mk ) at all subcarriers are the same. By taking the lower 
bound as the objective function and omitting the constants, 
the problem becomes:

maximize
{ }Sr

N tRF
r = 1

tr ( )1
N ∑N

k = 1 ξkG
H
k FRFF HRFGk

subject to |
|
|||||

|
|||| [ ]FRF ij

= ì
í
î

1,i ∈ Sj

0, else ;
⋃N tRF

r = 1  Sr = Sant, || Sr > 0,Si ∩ Sj = ∅,i ≠ j. (23)

We can write Gk as a combination of N tRF block matrixes:
GH

k = é
ë
êêêêGH

k,S1  GH
k,S2  ⋯ GH

k,S
N tRF

 ù
û
úúúú , (24)

where GH
k,Sr

= GH
k (:,Sr ) , so the objective function in Eq. (23) 

can be written as:
tr ( )1

N∑k = 1
N  ξkG

H
k FRFF HRFGk =

1
N∑k = 1

N   ξk( )GH
k FRF

2
F

=
1
N∑k = 1

N   ξk( )é
ë
êêêê ù

û
úúúúGH

k,S1 fRF,S1…GH
k,S

N tRF
fRF,S

N tRF

2

F

=
 ∑r = 1

N tRF   ( )f HRF,Sr
RSr

fRF,Sr
, (25)

where RSr
= 1

N ∑
k = 1

N

ξkG
H
k,Sr
Gk,Sr

,fRF,Sr
∈ CN t ×  1,[| fRF,Sr

| ]
i

= ì
í
î

1,i ∈ Sj

0,i ∉ Sj

. 
Without consideration of the constant modulus constraint, the 
maximum value of Eq. (25) is given by ∑r = 1

N tRF  λ1(RSr ), where 
λ1( ⋅ ) is the maximum eigenvalue of a matrix. Therefore, we 
can solve Eq. (23) by maximizing the sum of the maximum ei⁃
genvalues of RSr

 corresponding to each subarray. The optimiza⁃
tion problem of the subarray partition can be formulated as:

maximize
{ }Sr

N tRF
r = 1

                       ∑N tRF
r = 1  λ1( )RSr

subject to ⋃N tRF
r = 1  Sr = Sant, || Sr > 0,Si ∩ Sj = ∅,i ≠ j. (26)

The optimal solution of Eq. (26) is a complex combinatorial 
optimization problem and calculating the eigenvalues leads to 
relatively high computational cost. Therefore, two operations 
are adopted here to further simplify the optimization problem. 
Firstly, according to Ref. [20], the maximum eigenvalue can 
be approximated with the l1 norm of a matrix as follows:

λ̂1(RSr ) ≜ 1
|| Sr
∑i,j ∈ Sr

|
|

|
| [ ]R i,j , (27)

where R = 1
N ∑

k = 1

N

ξkG
H
k,Sr
Gk,Sr

 is the average channel covari⁃
ance matrix of all subcarriers. Then, the problem in Eq. (26) 
becomes1:

maximize
{ }Sr

N tRF
r = 1

                   1
|| Sr
∑i,j ∈ Sr

|
|

|
| [ ]R i,j

subject to ⋃N tRF
r = 1  Sr = Sant, || Sr > 0,Si ∩ Sj = ∅,i ≠ j. (28)

Secondly, a greedy algorithm is proposed here to solve the 

1 It is worth noting that compared with the original optimization objective function in Eq. (20), the omission of the constant modulus constraint and the use of several approximations above 
will bring in some performance loss, which is of interest for further investigation in future work.
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problem. Since R is a Hermitian matrix, we only need to con⁃
sider the upper triangular part when calculating the objective 
function in Eq. (28). The main idea of the greedy algorithm is 
that the objective function does not decrease after adding 
|
| [R ] ij

|
| , i < j into or removing it out of the subset Sr. The algo⁃

rithm consists of two steps. The first one is to define an initial 
full antenna set S0 = {1,…, Nt} and sort all the elements 
|
| [R ] ij

|
| , i < j in descending order. To ensure that the con⁃

straint | Sr | > 0 is satisfied, two antennas i and j corresponding 
to [R ] ij are partitioned into Sr in order. The second step is to 
consider different cases of partitioning antenna i, j into differ⁃
ent subsets and choose the one that maximizes the objective 
function. In this process, if two antennas i and j belong to two 
different subsets, only four cases related to two subsets are 
considered. Otherwise, N tRF cases are considered if both anten⁃
nas belong to S0. For simplicity of description, we define a 
function fRSr

 as follows:
fRSr

(Sr,nsel,r ) =
ì

í

î

ïïïï

ï
ïï
ï

0,  || Sr = 0 or { }nsel = N tRF, and r = 0
1
|| Sr
( )∑i,j ∈ Sr

|
|
||||

|
|
|||| [ ]Rup

i,j + 1
2∑i ∈ Sr

|| [ ]R i,i , otherwise, (29)
where nsel denotes the number of subsets that already have ele⁃
ments, and Rup is the upper triangular part of R. The partition 
optimization algorithm is summarized in Algorithm 3. With 
{Sr}

N tRF
r = 1, we can easily get Up, and then use the HBF-WMO al⁃

gorithm proposed in Section 3 to optimize FRF with the PC-
dynamic architecture.
Algorithm 3: Dynamic subarrays partition optimization
  Input: R, N tRF, S0, nsel = 0
   1: Sort Rup in descending order:
     || [R ] i,j

|
| ≥ |

| [R ] ik,jk

|
| ≥ ⋯ ≥ |

| [R ] iK,jK

|
| , 1 ≤ ik < jk ≤

Nt, K = Nt (Nt - 1) /2
   2: For k = 1:K repeat:
   3:  If ik, jk ∈ S0:   4:    If nsel < N tRF:  

Snsel ← { }ik,jk ,S0 \{ }ik,jk ,nsel ← nsel + 1
   5:     Else: rmax = argmax

r
( fRSr

(Sr ∪ {ik, jk},nsel, r ) )
         Srmax ← {ik, jk}, S0 \{ik, jk}
   6:  Else if ik ∈ Sm, jk ∈ Sl ,∀m,l ∈ {0,1,…,nsel}, m ≠ l:
      ucrt = fRSr

(Sm,nsel,m) + fRSr
(Sl,nsel, l)

      unewj = fRSr
(Sm ∪ { jk},nsel,m) + fRSr

(Sl \{ jk},nsel,l)
       unewi = fRSr

(Sm \{ik},nsel,m) + fRSr
(Sl ∪ {ik},nsel,l)

 unewij = fRSr( )( )Sm \{ }ik ∪ { }jk ,nsel,m +
fRSr( )( )Sl \{ }jk ∪ { }ik ,nsel,l

          u = [ucrt,unewj,unewi,unewij ]
      max (u) = unewj and m ≠ 0,  Sm ← { jk},Sl \{ jk}
      max (u) = unewi and l ≠ 0,  Sm \{ik},Sl ← {ik}
      max (u) = unewij and m,l ≠ 0, 

(Sm \{ik}) ← { jk}, (Sl \{ jk}) ← {ik}
  Output: {Sr}

N tRF
r = 1

5 Simulation Results
In this section, we first provide some simulation results 

to show the spectral efficiency performance of the proposed 
HBF-WMO algorithm in Section 3 with fixed hybrid archi⁃
tectures, in comparison with the optimal fully-digital one. 
Then, we compare the spectral efficiency performance of 
fixed and dynamic partitions of antenna subarrays with the 
PC architecture.

Considering an mmWave MIMO-OFDM system as that in 
Fig. 1, we assume that the transmitter takes a half-wavelength 
spaced UPA with Nt = 512 antennas for the transmission of 
Ns = 2 data streams. Five fixed hybrid architectures at the 
transmitter are evaluated, including the FC and PC architec⁃
tures, and three types of the OL architecture. Considering the 
issue of practical implementation of the HBF architecture, we 
propose three specified OL architectures when four RF chains 
are employed with a 16 × 32 UPA at the transmitter, which 
are shown in Fig. 3. The numbers indicate the antenna in⁃
dexes, and the units in the same color mean that the corre⁃
sponding antenna elements are connected to the same RF 
chain. The antennas within framed squares are overlapped 
and connected to multiple RF chains. The receiver takes a 
UPA with Nr = 8 antennas and N rRF = 2 RF chains with a 
fixed PC architecture. The number of subcarriers is set to 
N = 64, the bandwidth is 100 MHz and the center fre⁃
quency is 28 GHz. The signal-to-noise ratio (SNR) is de⁃
fined as 1

σ2 . We take CDL-A as the channel model to evalu⁃
ate the system performance in a more practical NLOS sce⁃
nario. In the simulation, the stopping condition is set as the 
relative difference between the objective function values of 
two consecutive iterations becomes smaller than δ = 10-3.
5.1 Performance with Different Fixed Hybrid Architectures

Fig. 4 shows the performance of spectral efficiency as a 
function of SNR for the proposed HBF-WMO algorithm with 
different fixed architectures in CDL-A when four RF chains 
are equipped at the transmitter. The performance curves of the 
FC, PC, and OL architectures are labeled as “FC”, “PC”, and 

“OL”, respectively. For comparison, two FDBF algorithms, 
namely the FDBF with singular value decomposition (SVD) on 
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each subcarrier and the FDBF with zero-forcing (ZF), are ad⁃
opted, and their performance curves are labeled as “FD-SVD” 
and “FD-ZF”, respectively.

It can be seen from this figure that the proposed HBF-WMO 
algorithm with the FC architecture performs well with far fewer 
RF chains than antenna elements, and its performance gain 
over the PC architecture is about 4 dB in CDL-A. The reason is 
that there are much fewer entries that can be optimized in the 
HBF matrix of the PC architecture than the FC architecture, 
since the PC architecture employs far fewer phase shifters. Re⁃
sults also show that the OL architecture achieves the compro⁃
mise between the system performance and hardware costs, 
when compared with the FC and PC architectures. In particu⁃
lar, it achieves higher spectral efficiency than the PC architec⁃
ture at the cost of higher power consumption and implementa⁃
tion complexity introduced by more phase shifters. For ex⁃
ample, with 192 more phased shifters employed, the first type 
of OL architecture has a performance gain of about 1 dB over 
the PC architecture. According to Ref. [24], based on the state-
of-the-art technique, the power consumed by each phase shifter 
is about 10 mW. With the size of overlapped antennas among 
different subarrays growing, the performance improvement of 
the OL architecture over the PC architecture gets bigger. For ex⁃
ample, with the third type of OL architecture, the performance 
gain is about 3 dB over the PC one.

To verify the generality of the proposed HBF-WMO algo⁃
rithm, we provide in Figs. 5 and 6 the spectral efficiency per⁃
formance with different numbers of transmit antennas and RF 
chains under fixed hybrid architectures. The label “OL 1/2” 

▲ Figure 3. Diagram of three types of the overlapped subarray-
connected architecture at the transmitter with Nt=512, N t

RF = 4 

▲Figure 4. Spectral efficiency vs SNR for the hybrid beamforming (HBF-
WMO) algorithm with different fixed hybrid architectures for a massive 
multiple-input multiple-output-orthogonal frequency division multiplexing 
(MIMO-OFDM) system with N=64, Nt=512, Nr=8, Nt

RF = 4, Nr
RF = 2, Ns=2

FC: fully-connectedFD: fully-digitalOL: overlappedPC: partially-connected

SNR: signal to noise ratioSVD: singular value decompositionZF: zero forcing
▲ Figure 5. Spectral efficiency vs number of transmit antennas for the 
HBF-WMO algorithm with different fixed hybrid architectures for a 
massive multiple-input multiple-output-orthogonal frequency division mul⁃
tiplexing (MIMO-OFDM) system with SNR=0 dB, N=64, Nr=8, N t

RF =
Nr

RF = 2, Ns=2

FC: fully-connectedFD: fully-digitalOL: overlappedPC: partially-connected

SNR: signal to noise ratioSVD: singular value decompositionZF: zero forcing
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refers to the case where the number of overlapped antennas 
equals half the number of transmit antennas in the OL archi⁃
tecture. As shown in Fig. 5, the performance of the HBF-
WMO algorithm improves with more transmit antennas. Fig. 6 
also shows that the gap between the performance of the HBF-
WMO algorithm and the optimal FDBF algorithm narrows with 

more RF chains equipped at the transmitter.
5.2 Performance with Different Partitions of Antenna 

Subarrays
Next, we compare the performance of fixed and dynamic 

partitions of antenna subarrays with the PC architecture. Four 
types of partitions under the fixed PC architecture are consid⁃
ered at the transmitter, as shown in Fig. 7. For the HBF sys⁃
tem with the PC-dynamic architecture, the antenna subarrays 
are first dynamically partitioned based on the algorithm pro⁃
posed in Section 4 and then the HBF matrices are optimized 
based on the HBF-WMO algorithm in Section 3. Fig. 8 shows 
the average spectral efficiency performance as a function of 
SNR with fixed and dynamic antenna subarrays. It can be 
seen that of the four fixed partition types, the third one 
achieves the best performance. This is mainly due to the bal⁃
anced horizontal and vertical angle resolution of the subarray 
in the third type and the original distribution of angles in CDL-
A. It is also shown that the dynamic partition outperforms the 
third fixed partition type with about 1 dB at the cost of more 
power consumption and the associated complex circuit 
brought by Nt = 512 more switches employed in the switch 
network. According to Ref. [24], the power consumed by each 
switch is about 5 mW.
6 Conclusions

With relatively small hardware costs and performance loss 
compared with FDBF, HBF for mmWave communication sys⁃
tems has attracted much attention. Meanwhile, the design of 
hybrid architecture has also become a research hotspot consid⁃
ering the practical implementation complexity. We have inves⁃

▲ Figure 6.  Spectral efficiency vs number of transmit RF chains for the 
HBF-WMO algorithm with different fixed hybrid architectures for a mas⁃
sive multiple-input multiple-output-orthogonal frequency division multi⁃
plexing (MIMO-OFDM)  system with SNR=0 dB, N=64, Nt=512, Nr=8, 
N t

RF = 2, Ns=2

FC: fully-connectedFD: fully digitalOL: overlapped
PC: partially-connectedSVD: singular value decompositionZF: zero forcing

▲Figure 7.  Diagram of four fixed subarray types with the partially-connected architecture at the transmitter with Nt=512, N t
RF = 4 
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tigated HBF with different hybrid architectures in this paper. 
After transforming the original SEM problem to a more trac⁃
table equivalent WMMSE problem, we propose the HBF-
WMO algorithm with different fixed architectures. Simulation 
results have shown that the OL architecture achieves a com⁃
promise between the hardware costs and system performance 
compared with the conventional fixed architectures. We have 
also proposed a low-complexity subarray partition optimiza⁃
tion algorithm based on the maximum eigenvalue approxima⁃
tion with the PC-dynamic architecture and combined it with 
the HBF-WMO algorithm. Simulation results show that the 
PC-Dynamic architecture achieves some performance gain 
over the fixed PC architecture.

In this paper, certain problems in the practical implementa⁃
tion of the proposed architecture and HBF-WMO algorithm 
under massive MIMO-OFDM systems have not been investi⁃
gated. On one hand, the dynamic architecture and the OL ar⁃
chitecture would lead to more power consumption and inser⁃
tion power loss with more required phase shifters, splitters, 
combiners and switches than the conventional PC architec⁃
ture, and thus the energy efficiency could be considered for 
HBF optimization. On the other hand, some studies have made 
efforts to alleviate the effect of beam squint while developing 
hybrid precoding schemes for massive MIMO-OFDM systems, 
such as carrying out a phase compensation operation at each 
subcarrier[25] or projecting all frequencies to the central fre⁃
quency[26]. In future work, we will make efforts to study the en⁃
ergy efficiency performance of different HBF architectures 
and extend our investigation to the scenario when the system 
is subject to the beam squint effect.
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