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Abstract – Most of the works consider hybrid fully connected 
architectures to overcome the constraints of millimeter wave 
massive MIMO systems. However, these schemes require a 
one-to-one connection between the RF chains and antennas. In 
this paper we propose a two-step broadband multiuser equal-
izer for hybrid sub-connected architectures, which is a more 
realistic approach for practical systems. The low-complexity 
user-terminals employ only analog precoders computed from 
the knowledge of the average angle of departure of each clus-
ter, which is constant over the bandwidth. At the receiver side, 
we design a hybrid multi-user equalizer by minimizing the av-
erage bit-error-rate. A two-step approach is considered, where 
the analog part is constant over the iterations due to hardware 
constraints and the digital part is iterative. The analog part is 
also constant over all subcarriers while the digital part is com-
puted on a per subcarrier basis. The proposed sub-connected 
based equalizer is compared with the fully connected counter-
part. The results show that the performance of the proposed 
scheme is close to the fully connected one after just a few iter-
ations performed at the digital domain. 

Index Terms — hybrid multi-user equalizer, massive 
MIMO, millimeter-wave communications, hybrid sub-con-
nected analog-digital architectures. 

I. INTRODUCTION 

The combination of millimeter wave (mmWave) with 
massive MIMO (mMIMO), when compared to the current 
sub-6 GHz communication systems, is very attractive be-
cause the smaller wavelength allows to pack more antennas 
in the same volume [1], and mmWave mMIMO also offers 
more degrees of freedom [2]. However, the power con-
sumption and high cost of some mixed-signal components 
makes unpractical to implement one fully dedicated radio 
frequency (RF) chain by transmit/receive antenna [3] as in 
sub-6 GHz MIMO systems [4].  

A simple approach to solve this problem is the use of only 
phase shifters implementing a fully analog beamforming 
technique, but the performance is limited, and it is typically 
applied in a single-stream transmission [5]. Therefore some 
hybrid analog-digital architectures were proposed, where 
some signal processing is firstly done in the analog domain, 
and then a lower complexity processing is done in the 
digital domain [6]. There are fully-connected hybrid archi-
tectures, where each RF chain is connected to all transmit 
or receive antennas but that may require a large number of 

connections, and subconnected hybrid architectures, where 
each RF chain is only connected to a subset of antennas [7]. 
Fully connected hybrid architectures were addressed in 
[8][9]. In [8], it was proposed a precoder to multiuser nar-
rowband systems, where a spatial rotation to reduce the 
number of the RF chains required by user was employed. 
Then, using the angles of arrivals of each user, they are 
scheduled by an angle division multiple access scheme. The 
authors of [9] proposed a precoder to single-user wideband 
systems, where the digital precoding can be different for 
each subcarrier, but with a frequency flat analog precoding. 
Sub-connected hybrid architectures were addressed in 
[7],[10][11]. In [7], it is proposed, for a single-user narrow-
band system, a precoder to maximize the total achievable 
data rate, where first the analog part is designed for two 
cases, high and low signal-to-noise ratio (SNR), and then 
the digital part is obtained by waterfilling algorithm. In [10], 
the authors designed a precoder /combiner for single user a 
broadband system, where the over-all spectral efficiency is 
maximized by considering a power budget constraint for 
each subcarrier. The authors of [11] proposed a precoder for 
downlink multiuser narrowband system where the analog 
precoder is built using the partial information of the conju-
gate transposed of channel matrix, and then it is applied a 
ZF precoder in the digital part to remove the interference. 

It is well known that the use of nonlinear equalizers is 
more efficient to remove the multiuser/inter-symbol inter-
ference [12] and therefore we use this principle to design 
the digital part of the proposed hybrid equalizer for sub-
connected mmWave mMIMO MIMO single carrier fre-
quency division multiple access (SC-FDMA) systems. We 
consider a two-step hybrid multiuser equalizer, where the 
digital part is computed iteratively but the analog part is 
kept constant over the iterations. The limitation that each 
RF chain is only physically connected to a sub-set of anten-
nas makes the design of the proposed sub-connected hybrid 
iterative multiuser equalizer harder than for the fully con-
nected based approach. The BER performance of the pro-
posed tends to the BER performance of a fully connected 
hybrid equalizer as the number of iterations increases. 

The remainder of this paper is organized as follows: in 
Section II is defined the system model assumed in this pa-
per. In Section III is presented the fully analog precoder em-
ployed at each user terminal (UT). Then, in Section IV we 
design the proposed two-step hybrid broadband multi-user 

This work is supported by the European Regional Development Fund
(FEDER), through the Competitiveness and Internationalization Opera-
tional Program (COMPETE 2020) of the Portugal 2020 framework, Re-
gional OP Centro (CENTRO 2020), Regional OP Lisboa (LISBOA 14-20)
and by FCT/MEC through national funds, under Project MASSIVE5G
(AAC nº 02/SAICT/2017) and project UID/EEA/50008/2013. 

2018 26th European Signal Processing Conference (EUSIPCO)

ISBN 978-90-827970-1-5 © EURASIP 2018 827



equalizer. Finally, the main performance results is shown in 
Section V and the conclusions in section VI. 

II. SYSTEM MODEL CHARACTERIZATION 

We consider a SC-FDMA uplink mmWave system, with 

cN  available subcarriers, U  users sharing the same radio 

resources, with one RF chain and txN  transmit antennas, 

where each user sends one data stream per subcarrier. The 
base station has R RF chains by each antenna, with a total 
of RF

rxN  RF chains and xrx
RF
rRNN =  receive antennas, where

RF
rx rxU N N≤ ≤ . We consider a clustered channel with clN  

clusters, and rayN  paths per cluster. The channel matrix is 

denoted by ,
rx txN

u k
N×∈H  in the frequency domain to  the 

kth subcarrier and uth user, and it is given by 
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where PLρ is the path-loss from the transmitter to the re-

ceiver and ,
u
q lα is the complex path gain at the lth ray of the 

qth cluster. The function ( ).rcp is the pulse shaping func-

tion where the raised-cosine filter was adopte, with 
the spaced signaling, ST , as in [15]. The time delay of qth 

cluster is ,q
uτ  and the angles of departure and arrival are u

qθ  

and u
qφ , respectively. The relative time delay, relative an-

gles of arrival and departure of the lth ray of the qth cluster 
are ,

u
q lτ , ,

u
q lϑ , and ,

u
q lϕ , respectively. The paths delay have a 

uniform distribution in [ ]0, sDT  and the angles have a ran-

dom distribution presented in [15], such that 
2

,[ ]u d rx txF
N N=H . Lastly, the vector ,rx ua  and ,tx ua  are 

the normalized receive and transmit array response vectors, 
respectively. 

The received signal is given, at the kth subcarrier, by 

 , ,
1

,
U

k u k u k k
u =

= +y nH x   (3) 

where rx
k

N∈n   is the zero mean Gaussian noise with var-

iance 2
nσ  and ,

txN
u k ∈x   is the transmit complex baseband 

signal of the uth user at subcarrier k. 

III. TRANSMITTER DESIGN 

In this section, we design the proposed low-complex an-
alog precoders employed at the UTs. The block diagram of 
the uth UT is shown in Fig 1. It is assumed only QPSK con-
stellations from where is selected the data symbol ,u ts , with 

2 2
,[| | ]t uus σ= . The extension to other constellations can be 

obtained directly. The sequence { }
1,
cN

tu ts
=

 is divided into S  

data blocks of size /cM N S= , where { }
1 1, ( )

rM

k ru k M
c

= − +
, 

,u kc ∈ , is the DFT of  { }
1 1, ( )

rM

t ru t M
s

= − +
, 1, ...,r S= . Without 

loss of generality, we assume that cM N= . Lastly, the cy-

clic prefix (CP) is added on each RF chain. 
The transmitter processing has two parts, an analog pro-

cessing and a digital baseband processing. At the digital part 
is applied a SC-FDMA encoding, and at the analog part, it 
is only used analog phase shifters with constant amplitude, 
due hardware constraints, which implies all vector elements 

of ,
txN

a u ∈f   to have the same norm 2 1
,(| ( ) | )a u txn N −=f . To 

find the analog precoder, firstly the correlation matrix 

, ,
H

tx u tx uA A is computed, where 

, , , ,1[ ( ), , ( ),..., ( )] ,tx cl

cl

N Nu u u
tx u tx u tx u j tx u Nθ θ θ ×= … ∈A a a a   

 (4) 
and then the singular value decomposition is applied to

, , ,, ,
H

tx u tx
H

tx u u txx u ut = Λ Σ ΛA A . The goal is to point the beams 

along the dominant directions of ,u kH . Therefore, at the uth 

UT, the analog precoder matrix is 

       ( ) ( )( ){ }, ,

1
exp arg ,1 ,1 .a txu u tx

tx

n j n n N
N

= ≤ ≤Λf  (5) 

Finally, the discrete transmitted baseband signal of the uth 

user, at subcarrier k, ,
txN

u k ∈x   is given by 

 , , , .u k a u u kc=x f   (6) 
 

IV. RECEIVER DESIGN 

In this section we design a sub-optimal two-step ap-
proach, with a hybrid receiver structure, where firstly is de-
signed the analog part of the equalizer and then it is com-
puted the iterative digital part to further remove the inter-
ference. It is assumed that the RF analog equalizer is the 
same over the bandwidth, which means that it has no fre-
quency selectively. Therefore, it is equivalent to apply the 
RF analog equalizer in the time or frequency domain. Be-
sides, the analog equalizer is also assumed constant between 
iterations because it is not feasible to store the receive signal 

 
Fig 1. Block diagram of the uth UT. 

RF 
Chain

Digital Part

Analog 
Precoder

,a uf

Ant. 1

Ant. Ntx
Data 
Mod.

Bit stream

ux

S
/
P

M-point 
FFT

Map.
P
/
S

… …

M-point 
FFT

…

(…)

…

… Add 
CP

Nc -point 
IFFT

…

{ }, 1

cN

u k k
c

=

{ }, 1

cN

u t t
s

=

Ant. 2

…

2018 26th European Signal Processing Conference (EUSIPCO)

ISBN 978-90-827970-1-5 © EURASIP 2018 828



in analog domain to apply fully analog-digital iterative pro-
cessing. 

The proposed hybrid cN -length block space-frequency 

broadband decoder is shown in Fig. 2. At the kth subcarrier, 

the received signal for iteration i, { }( ) ( )
, 1

Ui i U
k u k u

c
=

= ∈c   , is 

given by 
 ( ) ( ) ( 1( )

,,
)ˆ ,i i i

k k
i

d kd kk a
−= −c y B cW W   (7) 

where 
RF
rx rxN N

a
×∈W  is the analog equalizer diagonal ma-

trix, ( )
,

RF
rxi

d k
U N×∈W  and ( )

,
i U U

d k
×∈B  are the digital feedfor-

ward and feedback matrices, respectively. The received sig-
nal, ky , is initially processed through the analog phase 

shifters, with 2 1| ( , ) |a r l R−=W  to ( )1 1R r l Rr− + ≤ ≤ and 
2| 0| ( , )a r l =W  to the other entries, and then it is applied a 

baseband processing, composed by RF
rxN  RF chains and the 

iterative digital equalizer. In the forward path of the digital 

equalizer, it is applied a linear filter ( )
,

RF
rxU Ni

d k
×∈W  used at 

subcarrier k, then the SC-FDMA decoding and finally the 
data demodulation. In the feedback path, the data recovered 
from the forward path is again modulated and SC-FDMA 
encoded. Then, it is applied the feedback matrix 

( )
,

i U U
d k

×∈B   at kth subcarrier. It can be proven that the feed-

back matrix that minimize the ( ) ( ) 2MSE [|| || ],i i
k k k= −c c  

with { }, 1

U U
k u k u

c
=

= ∈c  , is given by  

 ( )( )( ) ( ) ( 1)
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where ,, 1
rxN

a
U
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≤ ≤

 = ∈ H H f  . Therefore, the simpli-

fied optimization problem can be formulated as, 

( ) ( )( )
,

( )
,

1

1

, arg mi( ) ( ) MSE

d

n 

s.t. iag( ) ,

.

c

cN
ii

a opt d k opt
k

k

i
d

N

k U
k

k a c

a a

N

=

=

=

=

∈





W W

W W H I

W 

  (9) 

where 
( )

MSEk
i

 represents the MSE between the hybrid ana-

log-digital equalizer ( )
,
i

d k aW W  we want to compute and the 

fully digital equalizer
( )

,( )
i

ad k optW given by 

        ( )( )
2

1/2( ) ( )( ) ( 1)
,,MSE ( ) ,

i ii i
ad kd k a optk k

F

−= −W W W R   (10) 

with 

 ( ) 1( ) ( 1) 2 ( 1)
,( ) ( | | ) ,

i i H
U k

i
ad k opt k

−− −= −W I Ψ H R   (11) 

 ( 1) ( 1) 2 2 2 .|( )|i i H
k U nk k u Uσ σ− − −−= +R H I Ψ H I   (12) 

where a  is the set of feasible analog equalizers and ( )i
kR  

represents the received signal correlation matrix. It can be 

shown that the MSE is up to a constant equal to MSE. The 
diagonal matrix, ( )iΨ , whose uth diagonal element, associ-
ated with the iteration i-1, gives a blockwise reliability 
measure of the uth user data block estimates, can be written 
as [14], 

 ( )( ) ( ) ( ) ( )
1 ,diag ,, , ,i i i

U
i

uψ ψ ψ= … …Ψ   (13) 

where each coefficient is given by  

 ( )

2

ˆ
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| |
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c c

U
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The matrices ( ) , 1i i ≥Ψ can only be computed after to ob-

tain the data estimate, ˆ )
k
(ic , and consequently after to obtain 

the equalizer matrices. Therefore, to compute the analog 
equalizer aW , it is assumed that (0)

U=Ψ 0 , because there is 

not available information about the data estimate. To ensure 
the constraint a a∈W  , the matrix aW  is built using a re-

ceive response vectors based dictionary. This dictionary, 
rx cl rayr

rx

N N N×∈A  , is given by 
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where 
, ,

, , 1,1 , ,[ ( ), , ( ))]
cl r

rx cl ray

ay

rx u r N N Nx u
rx u rx u rx u N Nθ θ ×= … ∈A a a  , 

with the data of uth user associated to the rth RF chain, and 

 
Fig 2. Block diagram of BS. 
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1,..., rxn N= is the receive antenna index. From the KKT 

conditions used to solve (9), we obtain the residue matrix 
( )

,
rxU Ni

res k
×∈W   given by 

 ( )( ) ( ) ( 1)
, , ,i i i H

res k d k a k kd
−= −W W W R Ω H   (16) 

where 

 ( )(

1

1

)
,( ) (d a .)i g

c
i

d d k opt a o

N

c pt k
k

N
−

=

 
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 
Ω W W H   (17) 

forces the power constraint of problem (9). Considering that 
(0)

U=Ψ 0 , the residue matrix reduces to ,res k
H
k= −W H . It 

can also be proven that the digital feedforward equalizer as 
a function of a given analog equalizer matrix aW  is  

      ( ) 1( ) ( 1)
,( ) ] ([ .)Hi i H

d k opt a d a a kk a

−−=W W Ω H W W R W     (18) 

The pseudo-code to compute the coefficients of analog part 
of the equalizer is given by Algorithm 1. To compute the 
analog equalizer, after initializing the necessary matrices 
(lines 1-3), we have a loop that selects one vector of the dic-
tionary at each iteration, until a total of RF

rxN  vectors. In 

lines 5, 6 the vector is selected and then added to aW in line 

7, and its effect removed in line 8. In Algorithm 2, the iter-
ative digital equalizers are computed using aW  obtained 

from Algorithm 1, where maxi  is the maximum number of 

iterations. Firstly, the matrices are initialized (lines 1-2), 
then the digital feedforward equalizer (line 4), and the feed-
back equalizer (line 5) are computed. Finally, the matrices 

( )iΨ and ( )i
kR are updated, at lines 6 and 7, respectively. 

V. PERFORMANCE RESULTS 

The performance of the proposed sub-connected hybrid 
analog-digital multiuser equalizer is discussed in this sec-
tion. We consider, for each user, a clustered wideband chan-

nel model with 4clN =  clusters and 5rayN =  rays per clus-

ter, where the azimuth angles of departure ( )u
jθ  and arrival 

( )u
jφ have Laplacian distribution. We assumed that the all 

clN clusters have same the average power and an angle 

spread equal to 10º degrees at the transmitter and receiver. 
We considered uniform linear arrays (ULAs), although this 
hybrid receiver configuration can be applied to other an-
tenna array configurations. The carrier frequency is set to 
72 GHz and the antenna element spacing is half-wave-
length. It is used 128cN =  subcarriers and the CP is equal 

to / 4 32cD N= = . We assumed perfect CSI knowledge and 

synchronization at the receiver side. 
We present results in Fig. 3, for a scenario whose the 

parameters are 8RF
rxU N == , 16txN = , 32rxN = . Then, it is 

evaluated the performance when the parameter 
/ F

xrx
R
rR NN=  changes, in Fig. 4. It is considered the BER 

as the performance metric as function of the 0/bE N , where 

bE  is the average bit energy and 0N  is the one-sided noise 

power spectral density. The transmitted signal of all users 
have the same power, i.e., 2 2

1 , 1Uσ σ= … = = , and it is con-

sidered  an identical the average 0/bE N  for all with 
2 2 2

0/ / (2 ) / 2b u n nE N σ σ σ −= = . 

Starting with the results of Fig. 3, we show the perfor-
mance for iteration 1, 2, 3 and 4 of the proposed hybrid sub-
connected equalizer with the designed analog precoder and 
we can see that this one improves as the number of iterations 
increases as expected. Additionally, the gaps between the 
1st and 2nd iterations are much higher than between the 3rd 
and 4th iterations. This occurs because most of the residual 
inter symbol and multiuser interferences are removed from 
the 1st to the 2nd iteration. When compared with the hybrid 
fully connected counterpart, at a target BER of 310− , the 
penalties are approximately 4dB for iteration 1, but only 
0.8dB for iteration 4. This means that the iterative digital 
approach for sub-connected architectures is quite efficient 

Algorithm 1: Fixed analog equalizer 
1:  aW  = Empty Matrix 

2:  ,res k
H
k= −W H  

3:  2 2
kk Unk u

H σ σ −= +R H H I  

4:  for 1, ... , RF
rxr N=  do 

5:        ( ) ( ) ( )( ) 1 2

,

Hr r r
k res k rx r kx rx

−

= W A A R AΛ   

6:   1
1

, ,arg max
CB

cN

opt l N
k

H
k k

l l

n = …
=

 
= 
 
 Λ Λ  

7:   ( )( )
[ | ]

optr
r

nH H
a a x= AW W  

8:        ( ) 1

,
H H

res k d a a k a a k

H

H

kd

k

−
=

−

W Ω H W W R W W R

Ω H

 
 

9:   end for 

10: return aW  
  

Algorithm 2: Iterative digital equalizer 

Input: aW  

1: (0)
U=Ψ 0  

2: (0) (0) 2 2 2( )| |k kU U
H

uk nσ σ −= +−R H I Ψ H I  

3: for max1, ... ,i i=  do 

4:      ( ) 1( ) ( 1)
,( )i i

d k opt d a a k a
H H H
k

−−=W Ω H W W R W  

5:      ( )( )( ) ( ) ( 1)
, ,( ) ( )

Hi i i
d k opt d k opt a k U

−= −B W W H ΨI  

6:      Compute ( )iΨ  

7:      ( ) ( ) 2 2 2|( )|i i H
k k k u UU nσ σ −= +−R H I Ψ H I  

8: end for 

9: return ( )
,( )i

d k optW , ( )
,( )i

d k optB  
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because the performance is closer of performance of the hy-
brid fully connected counterpart with only four iterations. 
We can also observe that for high 0bE N  regime the per-

formance of both architectures are approximately the same 
for the 4th iteration.  

In Fig. 4, we present results for different values of 
2, 4,8R = and for iteration 1 and 4. We also added the curve 

for fully digital approach which corresponds to 1R = . As it 
can be seen for the first iteration (linear digital equalizer) 
the performance for all Rs is basically the same. However, 
for the 4th iteration the performance improves as R de-
creases despite the number of users increases. This happens 
because the sub-connected systems tends to the fully digital 
one as the number of RFs chains increases  and the proposed 
hybrid equalizer has more degrees of freedom to efficiently 
to remove the additional multi-user interference. It can be 
observed for the 4th iteration and a BER of 310− a penalty 
against the fully digital ( 1R = ) of 1.9dB, 4.2dB and 6.9dB 
for R=2, 4 and 8, respectively. 

VI. CONCLUSIONS 

We designed a two-step hybrid multiuser equalizer for a 
sub-connected mmWave massive MIMO architecture, 
where the analog part is constant over the sub-carriers and 
the digital one computed iteratively. We also considered 
low-complexity UTs employing a simple but quite efficient 
AoD based precoder. Firstly, it was verified that the pro-
posed hybrid iterative multiuser equalizer converges and 
that it achieves a performance close to the hybrid fully con-
nected counterpart, requiring only a few iterations. We also 
saw that the performance tends to the one obtained with 
fully digital approach when the number of RF chains in-
creases. Therefore, the proposed receiver structure com-
bined with the low complexity analog precoder is interest-
ing for practical mmWave massive MIMO based systems, 
since it ensures good performance at a low cost. 
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Fig 3. Performance comparison of the proposed hybrid sub-con-
nected equalizer with the hybrid fully connected and fully digital 

Fig 4. Performance comparison of the proposed hybrid sub-con-
nected equalizer to different Rs.
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