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Massive multiple input multiple output (MIMO) systems offer an improvement in the uplink
sum rate with increasing the number of base station antennas. Massive MIMO system needs
the perfect channel state information (perfect CSI) and imperfect channel state information
(imperfect CSI) for deriving the achievable sum rate. The Uplink sum rate is derived for the
ZF receiver and the MRC receiver with perfect CSI and imperfect CSI. The zero forcing (ZF)
receiver outperforms maximal ratio combining (MRC) receiver. With imperfect CSI as the
number of users increases the uplink sum rate also increases. The channel capacity is derived

for the Millimeter wave (mmWave) MIMO system employing MMSE receiver. The mmWave
massive MIMO system requires a large number of radio frequency (RF) chains where as the
number of the RF chains increases the capacity of the system also improves.

1. INTRODUCTION

Current wireless networks operate at the carrier frequency
below 6 GHz. The mmWave massive MIMO system works
beyond 6 GHz. The massive MIMO system at mmWave range
gives the benefits of a large bandwidth without compromising

on device size and therefore it is facilitating the 5G technology.

The mmWave massive MIMO works beyond 6 GHz [1-2].
Due to the large available bandwidth of the mmWave
frequencies, high transmission rates can be achieved. IEEE
802.11 ad-WLAN standard based on the mmWave provides
data rates of 6 Gbps at frequencies around 60 GHz. But there
are several problems to implement these types of systems due
to rain attenuation, atmospheric absorption and severe path
loss [3]. However, small chips are having huge number of
antenna arrays at frequencies beyond 6 GHz and can provide
high received signal power [4]. Analysis of systems with and
without channel state information has been done [5-8]. There
is a great deal of interest in the multiuser multiple input
multiple output (MU-MIMO) containing a high number of
antennas in a base station (BS). High number of MU-MIMO
systems are serving hundreds of users by providing hundreds
of antenna arrays. The design and analysis of MU-MIMO
systems is appealing substantial interest in the latest research
areas [9-11]. Small scale fading can be averaged out due to
high antenna array. The cost of each antenna is low because
the real size of the antenna is small. As the number of BS
antenna increases, the random channel vectors become
orthogonal between BS and the users. One important
advantage of the large MIMO system is that there is a
reduction in the transmitting power. In the uplink, decreasing
the transmit power of the node will result in improving the
battery life. In the downlink, the large amount of power
consumed by the base stations is exhausted by the power
amplifiers, associated circuits and cooling circuits [12-14].
Wireless backhaul is challenging in closely dispersed small
cells in urban environments. Although the length is too small,
operating expenditures can be high for optical fiber
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deployment due to dense deployment of small cell BS. So
ideally, high data rate is provided by low cost mmWave
technology. The mmWave can enable high data rate and low
latency connectivity between vehicles and also provides high
speed communication between vehicles and cloud for data
processing and storage. This can support the mmWave-based
vehicle to infrastructure communication. The mmWave can be
employed in high speed systems such as mobile phones and
virtual reality headsets. There are many challenges for the
mmWave MIMO systems and several differences exist
between different mmWave MIMO networks. Sub 6 GHz
places new constraints on hardware. The hardware challenge
at the mmWave are high frequency carrier and bandwidth of
the communication channel. One more hardware challenge at
mmWave is a large array at both the source and destination
due to small wavelength. So large number of analog to digital
converters (ADCs) are required by the high number of
antennas. By increasing the resolution of the ADCs, the design
complexity of the system increases. There are many solutions
that have been proposed for mmWave networks such as hybrid
beam forming architectures, beam space signal processing and
low rate ADC methods [15-17]. The mmWave systems and
low frequency systems are having some common properties
like multipath delay spread, Doppler shift and angle spread.
Also the mmWave has many differences with respect to a low
frequency system such as high sensitivity to blockages and
strong differences between line of sight (LOS) and non line of
sight propagation conditions. High number of antenna arrays
at the source and destination makes MIMO signal processing
a reality, but this is more challenging at mmWave frequencies
due to hardware constraint and different channel
characteristics. Thus the novel solutions are needed to
overcome hardware constraints, channel modeling and signal
processing with large arrays. These will have a significant
impact on the design and implementation of the mmWave
communication network to maintain active connections with
multiple BS’s to achieve diversity and overcome blockages.



Relays and cooperative diversity can enhance coverage and
improve signal strength in the mmWave mobile network.
This paper is organized as follows. In section 2, we analyzed
the system model for MU-MIMO System. The achievable sum
rate is derived for MU-MIMO Systems employing the ZF and
MRC receivers with Perfect CSI and imperfect CSI. In section

3, we derived the capacity of optimal precoder/combiner for
the mmWave massive MIMO system. Simulation results are
shown in section 4. Section 5 shows the conclusion.

2. SYSTEM MODEL OF MU-MIMO SYSTEM
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Figure 1. System model of the hybrid mmWave precoder/combiner

2.1 Perfect CSI for MU-MIMO systems

The system model of MU-MIMO system can be shown as,
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where P; denotes the average transmitted power of each
user.B represents the M X K channel matrix between the BS
and K users and models fast fading, geometric attenuation and
log-normal shadow fading. 15¢,274,...... M®™ row of the
B matrix is shown as by, b,,........ by . by s the channel
coefficient between mk " user and m*"* antenna from the BS.
x is the transmitted data and n is a vector of additive white
Gaussian noise with mean zero and variance unity.
The coefficient b, can be shown as [13],

bmk = hmk }‘k (3)

where h,,, is the fast fading coefficient between k" user and
m*" antenna of BS. A, is modeled as geometric attenuation
and shadow fading.

B=HC"? 4)
where H is M X K matrix having fast fading coefficient
between K user and BS, ie [H]px = A and C is K X

Kdiagonal matrix, i.e [C]ix = Ax.
For perfect channel state information

r=A"y 5)
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After linear detection, the received vector is given by
r=/R, A"Bx+A"n 7

Considering the MU-MIMO system, the received vector r
at the BS can be written as,

r:ﬁiak“bixiJra{'n ®)
i=1

By taking user 1 without loss as the desired user,
K
r=Ralbx +R D a'bx +a'n ©)
i—2

The signal to interference noise ratio (SINR) can be given
as,
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The achievable rate for single cell MU-MIMO can be
written as,
Rp,k = ,
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The rate scaling is given as,
log, (1+SINR) = log, (1+€, 4, ) (13)

where e;; denote the total transmit power.
The achievable rate for very large value of M can be written
as,

Ry, =E[log, (1+e,4)] (14)
In case of MRC, A=G so a;, = by.
P, b’
RYRC —E| log, | 1+ . ot (15)
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The power of each user is inversely related to the number of

antennas, Py = Hu
S Jorn
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When M is very large,
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By using inequality, RM RC. The lower bound on the

achievable rate can be given as,
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When M is very large, M — o

Ry =log, (1+ A48, ) (20)
In case of ZF, A = B(B¥B) 'so a; = (bf'b;)™1.
The Achievable sum rate for the ZF receiver can be given
as,
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By using inequality, R > R . The lower bound on the

achievable rate can be glven as,
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2.2 Imperfect CSI for MU-MIMO systems

In case of imperfect CSI, the signal to interference noise
ratio can be given as [13],

PU|ak5k|2 (27)
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The Achievable sum rate can be given as,
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The achievable uplink rate of the k" user for the MRC = log, (1+r ) (37)
receiver using imperfect CSI, Rayleigh fading and M > K + R
1 is bounded as,
Let P = U th 3. OPTIMAL PRECODER/COMBINER FOR mmWAVE
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Received matrix Y can be given as [16-17]
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The achievable uplink rate of the k®* user for the ZF

receiver using imperfect CSI, Rayleigh fading and M > K +
1 is bounded as,
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When M is very large, M — co.
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where G is the number of directional cosine vectors and H,,is

n
the sparse combination of directional vector at the transmitter
/receiver.

The equivalent sensing matrix is given as

vec(Y) = VPQsvec(H) + vec(N)

(40)
y = \/ﬁQSh +1

Equivalent sensing matrix Qg = sizeNE¢*™MNJFea™ x G2,

Qs = (Fo Fre A ) ©(WagWet A, ) @1
The channel estimation problem can be formulated as
arg min
hly=VPQshll, lly-Ahll2
y=Hx+n=HFpFggs+n (42)
(Weg' Wt ) = arg | min E s —WasWar y|| (43)
Where WBHB = NS X NRF and leF = NRF X NR
The MMSE estimate is shown as
$ = Witusey (44)

Wituse = E(sy")E(yy")™ = Ry Ry

Finally MMSE estimate can be written as



§ = |RYZ (Wipuse ~WeeWes )| (45)
MMSE minimization can be given as,
(Wer' Wi ) =arg min E R} (Wipse ~WeeWeo ), (46)
The capacity can be given as,
C = Blog, (1+SINR) (47)

4. SIMULATION RESULTS

Figure 2 shows that there is a much improvement in the
uplink sum rate for the ZF receiver than MRC receiver with
perfect channel state information in the massive MIMO
system. The uplink sum rate also increases as the number of
base station antenna increases. In figure 3, comparison of
uplink sum rate for varying number of users is done. The
uplink sum rate is higher as the number of users increases with
imperfect channel state information in the massive MIMO
system. In figure 4, it is shown that as the number of transmit
and receive antenna increases, the capacity of the mmWave
massive MIMO system increases. Capacity of hybrid MIMO
outperforms conventional MIMO system. Figure 5 shows an
improvement in the capacity of the system as the number of
radio frequency chain increases.
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Figure 2. Numerically evaluated values and lower bounds of
uplink sum rate for different number of base station antenna
for MRC and ZF receiver with with perfect channel state
information for K=15 (Number of Users)
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Figure 3. Comparison of numerically evaluated values and
lower bounds of uplink sum rate for different number of base
station antenna for MRC and ZF receiver with imperfect

channel state information for K=10 (Number of Users) and
K=12 (Number of Users)
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Figure 4. Comparision of Capacity versus signal to noise
ratio for Conventional MIMO and Hybrid MIMO with Tx =
32,Rx = 32,nRF = 6and Tx = 16,Rx = 16,nRF = 6
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Figure 5. Comparison of Capacity versus signal to noise
ratio for Conventional MIMO and Hybrid MIMO with Tx =
32,Rx = 32,nRF =12and Tx = 32,Rx = 32,nRF = 6

5. CONCLUSION

Massive MIMO systems offer an improvement in the uplink
sum rate with increasing the number of base station antennas.
ZF forcing receiver outperforms the MRC with perfect CSI
and Imperfect CSI. With imperfect CSI, as the number of users
increases the uplink sum rate also increases. In the mmWave
massive MIMO system, there is an improvement in channel
capacity as the number of transmit and receive antenna
increases. Further, as the number of the RF chains decreases,
the capacity of the mmWave massive MIMO system with
MMSE receiver also degrades.
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NOMENCLATURE

V"X TZS5ZTX0O0

band width

channel capacity

total transmitted power
single antenna user

Base station antenna

additive white Gaussian noise
number of radio frequency chain
average transmitted power
transmitted data

received vector

achieved sum rate

Greek symbols

A geometric distribution

T length of pilot sequence
Subscripts

u number of user





