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ABSTRACT

The evolving disruptive technologies such as massive machine-type communications, massive IoT, and vehicle-to-everything
(V2X) give rise to challenges on the system of connectivity. They require massive machine connectivity, high reliability, enhanced
mobile broadband, extended coverage, and diverse application requirements for the 5G network. Hybrid analog/digital precoding
has emerged as a potential solution for carrying out the spatial multiplexing and multiuser transmission in millimeter wave (mm-
Wave) massive MIMO (multiple-input multiple-output) systems. This work will be the opportunity to implement hybrid precoding
architecture in the 5G cellular networks. In this work, we propose a hybrid precoder and combiner design in mm-wave
communication with massive MIMO system considering both scenarios of perfect and imperfect channel state information (CSI).
The capacity analysis of conventional fully digital precoding and hybrid precoding system is carried out at low and high SNR
ranges for different channel setups. In experimental results, we found that the proposed design facilitates the 5G mm-Wave network
and provides better system capacity compared with the existing design. Also, the result outcomes show improved uplink sum-rate
(SR) for MRC and ZF receivers with perfect channel scenario and CSI uncertainty condition.
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1. INTRODUCTION

Millimeter Wave (mm-Wave) communication has emerged as one of the key new physical layer technology for 5G due to its very
high carrier frequency and large bandwidth than the current cellular network[1, 2]. As the 5G in mobile connectivity, the cellular
network will provide significantly higher data rates, lower latency, and the massive internet of things (IoT)[3-5]. Signal
transmissions at mm-Wave bands (30 GHz -300 GHz) undergo higher propagation loss and penetration loss as compared to sub-6
GHz bands[6-8]. Owing to the smaller wavelength of mm-Wave bands, more antennas can be packed within the same physical
dimension at both transmitter and receiver ends[9, 10]. The use of massive MIMO[11-13] within 5G network enhances energy
efficiency, spectral efficiency, and individual user tracking capability of the system. In sub-6 GHz applications, implementation of
the fully digital transceiver is feasible, and it utilizes the dedicated analog to digital converters (ADCs) and radio frequency (RF)
chains[14]. For mm-Wave massive MIMO (multiple-input multiple-output) system, the implementation of the conventional fully
digital transceiver is very difficult due to the costly hardware and a large amount of power consumption of RF chains[15]. Both
digital precoding and analog beamforming have some problems when extending to mm-Wave band[16, 17]. To resolve this issue,
hybrid precoding is proposed in mm-Wave massive MIMO systems. In this work, we develop strategies for hybrid precoder and
combiner design in massive MIMO systems.

1.1. Related Literature

Zhang et al. [18] have proposed the idea of a soft antenna selection approach using hybrid analog/digital precoding in a MIMO
system. The authors have described two transmission strategies named diversity and spatial multiplexing strategies. In results, they
demonstrated the performance improvement of phase-shift and selection over hybrid selection scheme. Kim et al. [19] have
described a hybrid beamforming scheme for mm-Wave channel, then formulates the RF beamformer and baseband precoder design
problem that maximizing the link-level performance in terms of minimizing error probability. Ayach et al.[20] have presented a

VOLUME 12, ISSUE 11, 2025 PAGE NO: 296



GIS SCIENCE JOURNAL ISSN NO : 1869-9391

hybrid analog/digital solution for sparse mm-Wave channels. The authors developed the precoder and combiner for single user
massive MIMO system and utilize the basis pursuit algorithm. Rusu et al. [21] have described low complexity schemes to compute
the design of hybrid precoder for single user and narrowband channel. The authors observed that with use of limited data stream
and equal power allocation improves the achievable spectral efficiency for mm-Wave MIMO system. Adhikary et al. [22] have
described an implementation of joint spatial division and multiplexing algorithm to realistic mm-Wave propagation channels. They
concluded that proposed algorithms with good user selection improved the network Key Performance Indicators (KPIs). Stirling-
Gallacher and Rahman [23] have proposed multi-user MIMO beamforming techniques for mm-Wave communication systems.
The authors discussed codebook-based RF beamformer and non-code book based digital precoder. In the results, the authors show
multi-user MIMO capacity improvement for indoor mm-Wave system operating at 60 GHz have 19 clusters. Cheng et al. [24] have
developed a beamforming codebook design for the mm-Wave OFDM system operating at 60 GHz. The authors demonstrated the
implementation of the time domain and frequency domain approach in compressive sensing-based scheme with the aim of
improving the spectral efficiency of the system. Nguyen et al. [25] have proposed weighted minimum mean-squared error
(WMMSE) hybrid precoder and combiner for mm-Wave multiuser system. The presented designs assume finite codebook-based
RF beamformer at both the transmitter and receiver and sparse mm-Wave channel. Further, authors implemented compressed-
sensing based algorithm to determine the hybrid precoder and combiner. Chopra and Kakkar [26] have discussed 5G mm-Wave
heterogeneous networks and implemented the MMSE hybrid precoder and combiner. They concluded that selecting the appropriate
value of channel gain of mm-Wave communication improves the capacity of the 5G network.

1.2. Contribution

This paper yields new conclusions on the implementation of optimal hybrid precoder and combiner in the sparse mm-Wave channel

which can be summarized as:

e A study and mathematical analysis on massive MIMO systems and their significance in hybrid analog/digital precoding and
combining.

e The comparative performance analysis between maximum-ratio combining (MRC) and zero-forcing (ZF) receiver, in terms of
the uplink sum-rate (SR) performance with perfect channel scenario and CSI uncertainty condition.

e A novel comparative analysis on conventional MIMO and hybrid MIMO, in terms of the capacity (b/s/Hz) for different SNR
ranges under specified channel setup.

1.3. Outline

Section 2 of the paper discusses on system model of massive MIMO under perfect CSI and CSI uncertainty conditions. mm-Wave
massive MIMO systems are described in Section 3. Proposed procedure and analysis to determine the hybrid precoder and
combiner are described in Section 4. Experimental setup and results are presented in Section 5. The work is concluded in Section
6.

2. MASSIVE MIMO SYSTEM

We consider the uplink of a massive MIMO system under perfect channel scenario and CSI uncertainty condition. The uplink
system comprises one base station (BS) and K user equipment (UE) and here it is implemented with M antennas and a single
antenna, respectively. The (M X 1) received vector y at the BS described in Ngo et al. [27] can be represented as (1)

K
y=\/ﬂzhkxk+n (1)
k=1

= Jp,Hx+n (2)

where /p, x is the transmitted symbols, H represents the channel matrix of size (M X K), and n denotes the (M X 1) additive
noise vector.
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The received signal for k;;, UE in terms of desired signal and interference can be represented as (3)

= JPainc +\bu Z hoxe+ 1 ©)

desired sign signal k'#k notse

interference

2.1. SINR Analysis with perfect CSI

In perfect channel condition, the BS knows the perfect channel state information (CSI) i.e., channel matrix H. The received vector
after the matched filter receiver or maximal ratio combiner for k;;, UE can be expressed as (4)

oo 4)
T Tl

5
=Tl (hkxk +/Pu Z Ry X! +n) ®)

k'+k
- A !
= Vralliellz + oy Y g + ©
LTl Il

where h;, and x;, are the k;;, columns of the matrices H and x, respectively.
The received SINR of k;, UE can be represented as (7)

Pullhy|I? (7

2 2
Pu T B {|||hk|| }*E“uhkn }

The power of each UE is scaled with number of BS antenna M, as stated here p, = fw—“, then SINR stated in Nalband et al. [28],
2] (®)

Referring to (8), this confirms that by using massive antenna array M at BS with perfect CSI, we can maintain constant SINR even
with transmit power of each UE decreasing in proportion to 1/M.

SINR =

(7) can be reduced to expression (8),

H

SINR = E, E,E
wble = { Thll ™

where B} includes the intrinsic attenuation and small- scale scattering.

2.2. SINR Analysis with CSI uncertainty
In imperfect channel condition, the BS estimates the channel matrix H. The channel estimate at the BS can be represented as (9)

H=H+N ! o =H4+E
- N ©

e

where the pilot matrix is considered as @@ =1, p, is the pilot power, N represents the noise matrix with i.i.d. GV (0,1) and E
denotes channel estimation error.
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The received vector after matched filter receiver with CSI uncertainty for k., UE can be represented as (10)

ne = hily (10
K
Te = JPullhiclPx + Puel hyxy, + z Rl hyx; + Rlin (1)
i=1,i+k

The received SINR of k,,, UE can be expressed as (12)

h 4
SINR = pullhll i (12)
pulek hy|? + py 1L$k|hHh | +E{|h | }
~ 112
Accordingly, fzan ~N (O, ||fzk||2) and e,ﬁ’":—k” ~N(0,1/Kp,), also ”hk" = By th" = (Br+ 1/Kpy).
k

The power of each UE is scaled with number of BS antenna M, as stated here p, = 5—% , then the SINR described in Nalband et
al. [28], (12) can be reduced to expression (13),

SINR = KB ’E,* (13)

3. mm-Wave MASSIVE MIMO SYSTEM

In mm-Wave massive MIMO system, signal processing is separated between baseband and RF section as shown in Fig. 1. This
hybrid precoding allows spatial multiplexing and multi-user MIMO in the system, where the BS and UE accompanied by N; and
Ny antenna, respectively. The BS and UE have Ny chain, where N < min(N, Np) and both communicate by means of Ny data
stream. The transmitter applies an (Nir X N;) baseband precoder Fpp exploiting its Npr chain subsequent by (N X Ngg) RF
precoder Fgp. Then, the received signal vector y can be represented as (14)

Yy =Hx+n=HFgeFggs +n=HFs+n (14)

where x is the transmitted signal, s denotes the (Ng X 1) signal vector and H represents the channel matrix of size (N X Ny).

—Jl: RFChain —— —

Ns | Baseband 1 RF Precoder | | RF Combiner E Nre saseclbaﬂd i Ns
{ | Precoder | NeF FRE i H i Wre i e |
e ! Wes

— _ﬂ'__ j L ——-i RF Chain }—— —

Fig. 1 Massive MIMO system at mm-Wave band with hybrid precoder and combiner
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We consider the parametric channel model for mm-Wave massive MIMO system described in Lee et al. [29] with L scatters
between BS and UE. The channel matrix H can be represented as (15)

L
H= qap(6D) afl(6) (15)
=1

where @; denotes the complex gain and 8 and 6} represent the angle of arrival and angle of departure. a;(8f) and ag (8]) represent
array response vectors at the BS and the UE, respectively. Considering transmitter and receiver configures the uniform linear arrays
(ULA) and then ax(87) and a;(8}) can be expressed as (16) and (17)

1
1 e—jZTndrcaselT (16)
ag(6/) = ‘
v Ng :
| e—jon(Nr—l)drcoselr_
1
-2 dcos6f (17)
t) 1 e 2t L
ar(6;) = :
v Nr :
— 2 (Ne=1)d¢cosof |

- e

2T
where A represents the signal wavelength, d denotes the spacing between array elements and g S icost represents the phase
difference between successive antenna elements.

Beamspace channel representation of channel model (15) can be expressed as (18)
H = AgH, A% (18)

where H,, denotes the sparse beamspace channel matrix and Ay and A represent the receive and transmit array response dictionary
matrices, respectively. The channel estimation can be formulated as non-convex optimization problem as min ||hy|| 5. This is termed
as compressive sensing (CS). The non-convex optimization problem can be solved and implemented using CS based Orthogonal
matching pursuit (OMP) algorithm.

4. mm-Wave MIMO HYBRID PRECODING

The hybrid precoding and combining would allow for highly directive transmission and reception of the desired signal in the mm-
Wave massive MIMO system. Further, to receive desired signal at the receiver, the combiner W = WyWpp performs the reverse
function of the transmitter (TX) precoder F = FgrpFpg. Therefore, when precoding and combining operations are finished,
the subsequent signal at the receiver is indicated by (19), where Wy and Wiy represent the baseband combiner and RF combiner,
respectively.

= WHEWHE HFppFpp s + WHEWEH n (19)

The spectral efficiency of mm-Wave communication described in Ayach et al. [20], can be represented as (20)

P __
Iy, + ﬁRnlwlgBW}ﬁ'HFRFFBB X Fgp Frp H" WepWpp
S

R =log, ( ) (20)

where R, = 02 WEL WEL W Wy represents the noise covariance matrix and p denotes average received signal power.
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Accordingly, the main goal of mm-Wave MIMO precoder and combiner is to boost the spectral efficiency of system through
suitable design of precoding matrices Fgg, Frr and combining matrices Wgg, Wgy in effective manner.

Simultaneous design of mm-Wave MIMO precoding and combining is highly complex. Therefore, the scheme of designing
precoders and combiners are split into parts. Specifically, let us initially design the precoder and then the combiner, and they both
take the same approach in finding solutions. Hence, achievable mutual information can be expressed as (21)

p
I + HHFRFFBBFgBFIgIFHH

['(Frp, Fpp ) = log, (

) e2))

Accordingly, let us consider the optimal precoder as Fy,; = FrpFgg. Hence, the design of best precoder problem can be formulated
as (22)

arg min {” Fopt — Ar, F"BB"F}
At FBB
subject to ||diag(FBBF§’B)||0 = Ngr , (22)
~ 2
|47, Fsll, = Ns
Further, the optimal minimum mean square error (MMSE) combiner can be obtained at the receiver (RX) as (23)
Wope = FipFgeH" X (HFgpFppFp Fe H" + Nyo )™ (23)

The design of mm-Wave optimal combiner problem can be formulated as (24)

1/ _ —~
Ryyz (Wopt - ARI WBB)

arg min {
ARWBB

F} 24

where Ry, = HFgpFppFipFgpH" + Nso71 denotes the combiner auto-correlation matrix.

As aforementioned, procedure to find best approximation to precoder and combiner are analogous, and therefore we only showing
the OMP based design procedure of optimal precoder for transmitter in this work. Based on the above procedure, the design scheme
of the proposed precoder as described in the algorithm is as follows.

Input: Precoder Fy); .

Output: Precoder Fgp and Fpp.

Stepl: Initialize the RF precoder as the null matrix FR(,?) =[].

Step2: Set initial residue as the optimal precoder E(EOS) = Fopt -

Step3: Let iteration k=1 .

Step4: Evaluate the maximum correlation of Fr(eks_l) with transmit array response matrix A .
Compute ¥ = A#E¥™ and i(k) = argmax (e, .

Step5: Augment the RF precoder matrix with i(k)th column of transmit array response matrix.
Compute FR(]F() = {FR(:_l)|aT(9i(k))} .

Step6: Calculate the best approximation to baseband precoder.
compute 5 = () EL) " (F)" Fo

= ety
| Fope=rir Fsp

Step8: Setk=k + 1; if k < Ngg, go to Step4, otherwise stop the process.

Step7: Calculate residue as
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We provide a computational approach built on the well-known idea of orthogonal matching pursuit. Algorithm contains the pseudo-
code for the precoder solution. The transmit array response matrix Ay, along which the optimal precoder has the maximum
projection, is found as the main step in the precoding procedure. A is then added to the RF precoder Fgr along with the chosen
column transmit array response matrix. The least squares solution to the Fgp is calculated in step 6 after the dominant vector has
been identified. Step 7 eliminates the contribution of the chosen vector, and the algorithm then searches for the column along which
the residual matrix ., has the most significant projection. The procedure is repeated up until the selection of all N beamforming

vectors.

Table 1 Simulation parameters

Parameter Value
No. of TX Antennas 32
No. of RX Antennas 32
No. of RF Chains 6
Grid Size 64
Sparsity level 8
No. of data streams 6

5. SIMULATION RESULTS AND DICUSSION

To obtain further insight into the proposed hybrid precoder and combiner, we simulate massive MIMO system under perfect
channel knowledge condition and CSI uncertainty scenario. The implementation of the proposed scheme has been simulated on
MATLAB software under various parameter settings to demonstrate and validate its accuracy. Furthermore, we analyze the hybrid
precoder performance in terms of system capacity by implementing the OMP based algorithm.

Fig. 2, Fig. 3, Fig. 4, and Fig. 5 illustrate the simulated uplink SR performance and proposed bounds for massive MIMO
receivers at pilot transmit power 10dB. In this case, there are 10 UEs in the uplink system.

From Fig. 2, we can observe that as the number of BS antennas is varied from 0 to 500, the SR performance for perfect CSI of
ZF (Zero Forcing) receiver is in the order of 12 to 68 bits/sec/Hz. In this case, the SR curve for MRC (Maximal Ratio combining)
is changing from 10 to 40 bits/sec/Hz. We observed that SR performance per UE for ZF receiver and MRC are of 1 to 6 bits/sec/Hz
and 1 to 4 bits/sec/Hz, respectively.

From Fig. 3, we can examine that as the number of BS antennas is varied as the above, the SR performance for perfect CSI with
power scaling of ZF receiver is in the order of 2 to 5 bits/sec/Hz. In this case, the SR curve for MRC is changing from 4 to 5
bits/sec/Hz. We observed that when p,, = %“ , SR performance at the very large number of BS antenna M, these two lines coincide
with one another.

According to Fig. 4, it is illustrated that as the number of BS antennas is varied from 0 to 500, the SR performance for imperfect
CSI of ZF receiver is changing from 10 to 47 bits/sec/Hz. In this case, the SR curve for MRC is in the order of 8 to 31 bits/sec/Hz.
Further, it can also be examined that the SR performance with imperfect CSI is lower than the perfect channel condition due to the
presence of channel estimation error.
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From Fig. 5, it is observed that as the number of BS antennas is varied as the above, the SR performance for imperfect CSI with
power scaling of ZF receiver is in the order from 4 to 13 bits/sec/Hz. In this case, the SR curve for MRC is changing from 6 to 12

bits/sec/Hz. When comparing both the receivers in this scenario, we can see that when we apply p,, = fw—u, the SR performance of

ZF receiver and MRC approaches to zero as M increases. However, with p,, = the SR performance consistent with finite

Eu
m b
values.

From Fig. 2, Fig. 3, Fig. 4, and Fig. 5, it is evident that SR performance of our proposed work is better than SR performance of
existing work proposed in Nalband et al. [28] and Kumar et al. [30]. Overall, the ZF receiver performs better than MRC. Further,
it can also be observed that for a power scaling scenario at the low value of M, the SR curve of MRC performs better than ZF. As

the value of M increases to high numbers, ZF performance approaches very closely to MRC.

Perfect CSl: No Power Scaling

70 T T
B0 F
¥
50 I
7]
&
é
o 40
1]
o
E I
5 30
193]
o
£
20
=
—M—MRC
w0l # == Bound MRC | |
i 7
- & = Bound ZF
a I I . 1 1 . .

L8] 50 100 150 200 250 300 350 400 450 500
Mumber of BS Antennas

Fig. 2 Sum-rate (SR) vs No. of BS antennas for massive MIMO perfect CSI with no power scaling
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Fig. 3 Sum-rate (SR) vs No. of BS antennas for massive MIMO perfect CSI with power scaling

Fig. 4 Sum-rate (SR) vs No. of BS antennas for massive MIMO imperfect CSI with no power scaling
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Imperfect CSl: Power Scaling
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Fig. 5 Sum-rate (SR) vs No. of BS antennas for massive MIMO imperfect CSI with power scaling

The capacity of hybrid MIMO system or hybrid precoder is formulated in simulation as (25)

Chybrid(at given SNRAB) — C(WBHB * W[g:' * H * FRF * FBB * Normalized FBB" I/NS* INS * noisepower * (25)
Wi * Wik * Wip * Wpp)

Fig. 6 and Fig. 7 illustrate the capacity versus SNR curves for our proposed hybrid precoding method. To analyze the system
performance, we have considered two different types of SNR range. In the first case, SNRdB = -5:1:5 dB and second case SNRdB
= -40:1:40 dB. The simulation parameters used in implementation are shown in Table 1. Further, the setup considered for
implementation of our proposed work consist of Ny = 32, Ny = 32, Ngp =6, Ny =6,G = 64,and L = 8.

Fig. 6 shows the capacity versus received SNR curve for a scenario where SNRdB is varied from -5 to 5 dB. From the simulation
result, it can be examined that the capacity curve of the hybrid precoder is in the order of 29 to 49 bits/sec/Hz.

Fig. 7 shows how the variation of received SNR affects the capacity of system in the sparse mm-Wave MIMO channel. In this
case, SNRdAB is varied from -40 to 40 dB. The simulation result is examined for the hybrid precoder and conventional MIMO
system. From Fig. 7, it can be noticed that the capacity curve of hybrid precoder is in the order of 0 to 119 bits/sec/Hz.

From Fig. 6 and Fig. 7, it can be examined that the performance of the proposed hybrid precoder approaches very closely to
conventional fully digital precoder which is used in sub-6 GHz communication. Further, it can also be observed that the capacity
curve of proposed work is better than the capacity curve of the existing work suggested in Chopra and Kakkar [26] as part
of the mentioned simulation parameter as described in Table 1.
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Capacity vs SNR
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Fig. 6 Capacity vs received SNR for mm-Wave band at low SNR regime
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Fig. 7 Capacity vs received SNR for mm-Wave band at high SNR regime

6. CONCLUSIONS

This work investigated the performance of hybrid precoder and combiner under the framework of 5G mm-Wave massive MIMO
system. Here, the proposed analysis has been implemented with perfect channel scenario and CSI uncertainty condition. The ZF
receiver outperforms the MRC receiver in no power scaling scenarios. The proposed work is also analyzed for the power scaling
scenario, and it is found that the SR curve of MRC outperforms the ZF curve for low numbers of BS antennas. When the number
of BS antennas is significantly high, ZF performance approaches that of the MRC. Further, in consideration along with two

VOLUME 12, ISSUE 11, 2025 PAGE NO: 306



GIS SCIENCE JOURNAL ISSN NO : 1869-9391

different types of SNR range and channel setup, the capacity of the hybrid precoding method is verified. According to the
experimental outcome, the capacity range of the hybrid precoder is in the order of 0 to 119 bits/sec/Hz and 29 to 49 bits/sec/Hz for
SNRdB range of -40 to 40 dB and -5 to 5 dB, respectively. In the analysis, we found that the performance of the proposed design
approaches near-optimal to conventional fully digital precoder. For future directions, we suggest work focusing on multi-cell
channel estimation and multi-cell power scaling under Rician fading channel in 5G mm-Wave massive MIMO system.
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