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Abstract

In fast-fading scattering environments such as high-speed rail and low-altitude com-
munications, mobile communication systems need to quickly and robustly estimate
and equalize fast-fading, time-varying channels. Under these circumstances, noncoher-
ent multiple-input multiple-output (MIMO) has received attention in recent years, since
itis less influenced by factors such as phase fluctuations and has fewer requirements
for channel estimation and synchronization. Spatial multiplexing MIMO-MFSK based
on energy detection is different from conventional noncoherent MIMO in that it can
achieve higher spatial multiplexing gain in the independent distribution of channel
fading statistics. At the receiver, partial real channel state information (CSI) is available,
which can improve the capacity while ensuring the reliability of the link. With partial
real CSl replacing instantaneous CSI, the system performance is inferior to conventional
coherent MIMO under the influence of noise. As a result, it is necessary to analyze its
theoretical detection performance. By energy detection, the noise of the MIMO-MFSK
system conforms to the generalized gamma distribution. On the basis of this distribu-
tion, the optimal decision rule of the system and the symbol error rate (SER) formula
are derived. Additionally, we investigate the signal-dependent noise problem of mini-
mum Euclidean distance detection. Numerical results show that the SER formula fits
well with the simulation results under the condition of a high signal-to-noise ratio.

Keywords: Noncoherent MIMO, Multiple frequency-shift keying (MFSK), Energy
detection, Generalized gamma distribution, SER

1 Introduction
As high-speed railways, low-altitude communication, and other vehicles have higher
requirements for communication quality, the issue of highly reliable and large-capacity
communication in fast-fading environments has gradually attracted attention. In fast-
fading scenarios, a number of high-reliability and low-latency applications, including
driverless, high-definition video, and video conferencing, are difficult to implement. Fur-
thermore, the IMT-2020 standard does not provide low-complexity noncoherent meas-
ures to address the above issues.

The IMT-2020 standard divides 5G into three main application scenarios: enhanced
mobile broadband (eMBB), massive machine type communications (mMTC), and
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ultra-reliable low-latency communications (uURLLC). The uRLLC need to meet the
requirements of high reliability, low latency, and high mobility. It can provide more stable
services and lower transmission delays for high-speed mobile users, with an end-to-end
delay of in the order of 1 ms. Nevertheless, channel estimation causes partial transmis-
sion delay in coherent communication, and pilot symbols occupy a portion of the time
and frequency slots. Moreover, the complexity of the channel estimation increases as the
number of antennas and users grows, which ultimately increases the system delay. To
avoid pilot pollution, channel estimation must also use orthogonal training sequences.
Further, in fast-fading environments, the channel coherence time reduces and the chan-
nel fading coefficient changes faster, so that instantaneous channel estimation is difficult.
Contrary to coherent systems, noncoherent systems have the advantages of low com-
plexity, low power consumption, simple circuit design, insensitivity to channel changes,
and can achieve higher spectral efficiency [1]. In this paper, we describe a spatial mul-
tiplexing MIMO-MFSK system based on energy detection. It can replace instantane-
ous channel state information (iCSI) with partial real CSI.

Noncoherent MIMO is insensitive to time-varying channels, and the receiving equip-
ment is simple, which has become one of the main research fields of MIMO in recent
years. The noncoherent MIMO research area primarily focuses on Grassmannian
MIMO [2-6], differential detection MIMO [7-10], and energy detection MIMO [16—
22]. Among them, Grassmannian MIMO demands no or only partial CSI for demodu-
lation, which applies to high SNR and fast-fading scenarios [2]. However, the capacity
of Grassmannian MIMO is limited by channel coherence time and complex encoding
[3]. Additionally, systematic unitary space—time codes have relatively high design and
decoding complexity [4], and their decoding complexity increases exponentially with
increasing bit transmission rates [5]. Noncoherent MIMO with differential detection
could also reduce the dependence on the channel information. Differential space—time
modulation is a noncoherent MIMO scheme that does not require accurate CSI [7]. As
an extended form of differential phase-shift keying modulation in a multi-antenna sys-
tem, this method uses the phase difference between two adjacent transmission blocks
to transmit the information and completes the communication without CSI [8-10].
Regrettably, differential detection necessitates a quasi-static fading channel with consist-
ent channel states between adjacent symbols, which is not always possible in fast-fading
environments.

The Doppler shift brought about by fast-fading will cause the phase of the far-field
MIMO channel to change rapidly. Due to the lack of CSI, conventional noncoherent
MIMO systems are unable to meet the requirements in fast-fading environments in
terms of detection performance, channel utilization efficiency, and resistance to fast
time-varying fading. Existing noncoherent MIMO systems aim at reducing the reliance
on channel information, and most designs are based on quasi-static channel conditions.
Signal processing and detection algorithms are implemented in spatial diversity, so the
multiplexing efficiency of the system is relatively low. In [11], space—time—frequency
coding is designed based on MFSK, which uses the soft information of the preceding
and following symbols to perform multi-level energy likelihood detection. It does not
need CSI, only needs to receive symbol energy and noise variance information, and can

provide space—time—frequency diversity gain. Diversity technology recently developed
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will help 5G new radio systems achieve better theoretical performance [12]. In addition,
MIMO with energy detection of spatial multiplexing has been gaining attention due to
its performance improvement [13], which can increase communication capacity while
also ensuring reliability.

Up to now, MIMO based on energy detection has been one of the hot research topics
in the region of noncoherent communication. The modulation methods mainly include
multi-ary amplitude-shift keying (ASK), frequency-shift keying (FSK), and pulse-ampli-
tude modulation (PAM) [14, 15]. Motivated by the simplicity of the circuit design and
low-complexity signal detection, a nonlinear MIMO system using amplitude detection
and phase detection is proposed, which is robust to noise [16]. Goldsmith proposed a
noncoherent SIMO scheme that does not use the iCSI but rather only the knowledge of
the channel statistics, a transmitter that modulates information only in the amplitude of
the symbols, and a receiver that measures only the average received energy across the
antennas [17-19]. [20] generalizes the constellation design in [17] for arbitrary numbers
of users and channel conditions. Inspired by the seminal work [18], the authors proposed
new joint multi-user constellation designs in massive MIMO systems that are asymptot-
ically optimal for symbol error rate [21]. [22] proposed a massive MIMO transmission
scheme with full frequency reuse for low earth orbit satellite communication systems,
utilizing statistical CSI to overcome the difficulty of obtaining iCSI. Besides this, mul-
tiple novel communication schemes are also introduced to reduce mutual interference
and external jamming attacks in fading scenarios. Fast frequency-hopping with MFSK is
a widespread noncoherent communication scheme used in military communication sys-
tems [23]. In [24], a frequency-hopping multiaccess system with frequency-shift keying
modulation was presented. The bit error rate performance of these investigated hopping
patterns imposed in multi-node Internet-of-Thing systems is evaluated by simulations.

Currently, MIMO based on energy detection is mainly considered from the perspec-
tive of an infinite number of receiving antennas and mostly uses amplitude modulation
with limited modulation space. In this situation, the interference from the receiving
antenna is treated as system noise, and the receiving path is asymptotically orthogonal.
Moreover, most research studies based on energy detection methods use a SIMO system
architecture and statistical channel characteristics to perform diversity signal processing
[17-19]. There is a lack of research on spatial multiplexing techniques for noncoherent
MIMO in fast time-varying channels without CSI or with partial CSIL. Prior work initially
analyzed the MIMO-MFSK model with a limited number of antennas and extended the
modulation space to the frequency dimension [25]. Afterward, we equivalent the system
model through nonlinear processing and perform noncoherent detection using equiva-
lent channel parameters. A theoretical expression for the average SER and the optimal
decision rule of the system is deduced. However, for the high complexity of maximum
likelihood (ML) detection with optimal judgment, ML is simplified through multi-
antenna joint minimum Euclidean distance detection. Simultaneously, the distribution
problem of signal-dependent noise associated with minimum Euclidean distance detec-
tion is investigated.
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2 Method

The methodology of this paper is presented as follows. We first describe a spatial mul-
tiplexing MIMO-MFSK system for high reliability and large-capacity communication in
fast-fading environments. Then, the system is equated to a real linear model by a non-
linear treatment of the square-law energy detection. Under the linear model, we provide
the mathematical expressions for equivalent signal, equivalent channel, and equivalent
noise, respectively, and deduce the mean vector and covariance matrix of the equiva-
lent noise. Subsequently, we analyze the probability distribution of the noise after energy
detection and the theoretical performance of the system. Following that we present a
suboptimal signal detection method and discuss the signal-dependent noise problem.
Finally, we perform numerical simulations.

3 Channel environment

For a communication system with N; transmitting and N, receiving antennas, the chan-
nel conforms to the typical Rice channel characteristics in the context of fast-fading
line-of-sight (LOS) environments as communication transmission applications [26]. The
channel H(¢) at the transmitter and receiver can be divided into LOS and diffuse por-
tions. Assuming the LOS component is in a static phase with uniform phase distribu-
tion. There is

H(t) =v1 — aH'(t) + aH (1), (1)

where H*(¢) denotes the LOS portion of the channel, HY(t) represents the scattering por-
tion and the a represents the channel weighting coefficient. When a = 1, the received
signal is the multipath scattering component of the transmitted signal, and the channel
model is the Rayleigh channel. When a = 0 or a < 1, the received signal is regarded as
the LOS part of the transmitted signal, and the channel characteristics tend to be stable
[27].

Considering a far-field environment where the antenna array size is much smaller than
the propagation distance, it can be deemed that all concurrent transmission channels of
the system experience approximately the same Doppler shift. Furthermore, even though
the Doppler shift for each space division path is slightly different due to different direc-
tion angles, the effect is not very obvious. In high-speed railways and low-altitude com-
munication systems, where the direct path is extremely powerful, this is still true [28].
The Doppler shift is mainly reflected in the phase change of channel H(t), that is

91 (0) g2 f5"(O) _ o2 fo(0) _ i (t) )

where f,é” represents the Doppler shift from the nth transmitting antenna to the /th
receiving antenna.
Ata =0ora < 1, H(t) =~ H%(¢), that is

hy e/ . thtefeth hy
Ho ~H@®) =*C oy o, =1 | (3)
I 1Nl @O hy,
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where h is the Ith row of H(t) for [ = 1,. .., N,. The fading coefficient /;,e/% is assumed
to follow independent and identically distributed (i.i.d.) complex Gaussian distribu-
tion with zero mean and unit variance, there is

hy,e®n ~ CN(0,1). (4)

The Doppler shift is supposed to be approximately constant within one symbol period
of the transmitted signal, and it is shown that

PO — Jo. (5)

Assume that the frequency modulation signal ¢/271#+¢1 performs square-law energy
detection at frequencies f; and f, respectively. At the same time, the f; — f» = % (T is
the duration of a symbol), the frequencies are orthogonal to each other, we have

2

T

Zi= % / T TP Y (6)
0

—|g? sinlm (i —f2)T] gTh—)T 2

2 h — )T =0. (7)

T
Z2: i/ ejZﬂf1t+wle—j2nﬁtdt
T Jo

The result of energy detection of the &/>™11+¢1 at a frequency matching its frequency
point is one. Otherwise, the result is zero. Through square-law processing, the random
phase interference from the carrier is eliminated. Meanwhile, the orthogonal signal char-
acteristic minimizes signal interference. Thus, it has the characteristics of anti-Doppler
frequency offset and phase offset in fast-fading environments. Additionally, the Doppler
shift will also cause the signal frequency offset, which can be ignored under the condi-
tion that the Doppler frequency deviation is far less than the symbol rate.

4 System model

4.1 Spatial multiplexing MIMO-MFSK system

Consider the spatial multiplexing MIMO-MEFSK system with N; transmit and N, receive
antennas, shown in Fig. 1.

After V-BLAST encoding, the transmitted data stream is modulated with MFSK,
upconverted, and sent in parallel through multiple transmitting antennas. At the receiv-
ing end, the transmitted signal is received in a noncoherent manner. Within a symbol
interval, the N, x 1received signal vector (i.e., Y= [y, ¥, .. ,er]T) is represented by

Y = Hs +n, (8)

where H is the N, x N; channel matrix (i.e., H= [hy,hy, ..., th]T), s is the N; x 1 trans-
mitted information-bearing symbol vector through MESK, and n is the N, x 1 AWGN
vector(i.e., n= [ny,ny, - - - ,nNr]T), which is independent of the channel matrix H. The
AWGN vector ny, ny, - - - ,np, are i.i.d., each follows a complex Gaussian distribution with
mean 0 and variance U},%, i.e., CN(0, 03).

The wth symbol of the mth transmitting antenna through MFSK modulation is
denoted as



Page 6 of 18

Li et al. J Wireless Com Network 2022,2022(1):33

wa1SAs ay3 Jo buissadoud ayi smoys a1nby ay | "uoId19p ABIsus uo paseq NS4N-OWIW buixajdinu jeireds jo weibelp y20ig L *bi4

V-BLAST Decoding

Channel Estimation

Energy Detection

MFSK Moding
A
V-BLAST Encoding
A
Input date




Li et al. J Wireless Com Network 2022,2022(1):33

S () =&/ P omt, 9)

where f;,  denotes the frequency of the wth symbol on the nth transmitting antenna,
and b,y ={0,1,...,M — 1} indicates the transmitted symbol mapped by V-BLAST
encoding. Moreover, the modulated information-bearing symbol matrix is

si@®) -0 sin(@)
S = S (£) = [$1,82,...Su,...SN], (10)
sn1(@) - s (@)

where N denotes the number of symbols transmitted, s, represents the nth column of
the sending symbol matrix.

4.2 Equivalent real linear model by energy detection
The wth symbol received by the /th receiving antenna in a symbol interval is recorded as
Yiw=hysw+np,
N;
o 11
= Z hlnelel” &Yy ()41 (2). (1)

n=1

The yy,, performs energy detection after frequency correlation at f;, i = [1,...,M], we
get

1 /T 2
rLf= ?/o i (t)e T2 it dt

=|h Xy +Viw |2 (12)
N, 2

- Z e Xy,

n=1

N;
+ 2Re (vfw Z hy,efne? X, f> + i l%

n=1

where X, & = [X1y,5, Xowfr - - - ,XNtwfl.]T, Xy, is the result of s,, through correlation at
Jfi» according to (6) and (7), X,z € (0, 1). The Re(-) stands for the real part of a complex
number. Additionally, the equivalent noise component by energy detection is

N;
u; = 2Re (v;‘w S e X, f> + v l?, (13)
n=1
where vy, is the result of ny, through correlation at f;, i = [1,. .., M]. Since frequencies

are orthogonal to each other, vy, is independent of each other at each frequency and fol-
2
lows a complex Gaussian distribution, i.e., v, ~ CN (O,GM").

The equivalent signal part by energy detection can be obtained as

2

N; Nt N
Z hlnelelne/‘p)(nwfi = Z Z h,,,h,,«cos(@l,, — O X, X (14)
n=1 n=1 j=1

Page 7 of 18
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In (14), through square-law processing, the Doppler shift ¢/ in fast-fading envi-
ronments is eliminated. The /th row vector of the equivalent channel matrix can be

expressed as
h = [h,. -~»h121\1t:2h11h12€05(911 =012, .. 2hyn,—1ylun, cos Oy, —1) — Oin,)]s (15)

and the equivalent transmitting data vector is

Xwsi = Xiwgo - 0 XNy XiwfiXowfir - s X—DwfiXNw i1 (16)

where X,z € (0, 1). According to (12)—(16), the transceiver system by energy detection
at f; can be equivalent to a real linear model, which is given by

v = AX,; +u, (17)

where r; is the equivalent receiving data (Le.ry =I[rif,raf...7N, fi]T), H is the
equivalent channel matrix (i.e., H= [fll,flz,...let]T), u is the equivalent noise (i.e.,

w = [ug,uy,...,un, 7).
The equivalent noise component is given by (13), furthermore, we have

Nt 2
. . g
E(u) =E[2Re(v}s, > hin€™ e X, 1) + lvin ] =7 (18)
n=1

where E( - ) denotes the expectation operator. Since r; f[:|h1XW i Vi |2 obeys the gener-
alized gamma distribution, we can further deduce as

2
- o
E(rz) =h X5 + M" (19)
2 -~ 2 4o2. . 202
E(rlfi) = (hlxwfl) + ﬁ"hlxwfl + ﬁn’ 1=1,2,...,N,. (20)

Therefore, the diagonal and off-diagonal elements of the covariance matrix of the
equivalent noise vector u are derived as

—E R - B2 = h Rk % (21)
var(uy) = E[(rj; — X, £)°1 — E“ () = 1 X, + ve)
cov(up, ) = El(rf; — WXy ) (ric; — MieXop )1 — E(up)E(ug) = 0 22)

14k Lk=1,2,...,Ny,

where var(-) denotes variance operator and cov(-) denotes covariance operator.
In summary, the spatial multiplexing MIMO-MESK system based on energy detection
is equivalent to a real linear model, which is written as

r = HX,,+u, (23)

where X,, = [XW firt XW S b X,, is the equivalent data component of the wth transmit
symbol by energy detection at M frequency points, respectively.

Page 8 of 18
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5 Detection and performance analysis

Above, we analyzed the spatial multiplexing MIMO-MFSK system and derived the
equivalent system model. The performance of noncoherent detection is inferior to con-
ventional coherent detection in the presence of noise and other interference. As a result,
we must use the theoretical SER formula as the primary performance metric. In addi-

tion, we present a suboptimal signal detection approach.

5.1 Theoretical SER for spatial multiplexing MIMO-MFSK system

The MIMO-MEFSK system is equivalent to a linear model. Following that we perform
a theoretical analysis of the detection performance. The transmitted data stream is
mapped to a symbol vector ¢, by V-BLAST encoding, and its signal set is represented as

C={c1,c2,...Cmy. . cMNt}, (24)
and
em=[b1--bn,]", b,...,bx, €{0,1,...M — 1}, (25)

where the c,, is modulated into a frequency modulation signal vector s, as in (9).
According to (6) and (7), the s, is correlated at f; to obtain a vector with elements of 0 or
1, that is

T
Xp=[ar--an] , ai...,an, € {0,1} (26)
If the transmission symbol vector is ¢, it can obtain from (12) that

71= 0 X A Vim ]2
2

N;
Z hlnelgl” e](anmf,- TVim

n=1

where |h1Xm,fl, +Vlm| obeys the Rice distribution. Through the square processing, r;y,
conforms to the generalized gamma distribution, which can be written as

rr, ~ Gamma(a,B,A) (27)
2

whereax = 1,8 = 203/M,/l =

Nt ‘6 .
Z hlne} lne](pXVlleﬁ‘
n=1

The probability density function of 7,4, as well as the likelihood function, can be
indicated as

_1yny (@=1)/2 2 )“rlf,' rif; + 2
f(rl,filhl,xm,f,')_g<7> Iy—1 T exp _T

Nt ‘9 . 2
Z hlne/ lne/goxnmfi
n=1

/T1f; TLf +

exp| —

Nt 40 .
Z hlne} lne](pXVlWl,f[
n=1

- 20;42/M 0 0,%/M 203/M

Page 9 of 18
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where Iy(-) denotes the modified Bessel function of the zeroth order and the first kind.
Owing to the frequencies of MFSK are orthogonal to each other, the likelihood functions
at each frequency are independent of each other. Thus, the joint likelihood function is
the product of the likelihood functions at each frequency. The c,, that maximizes the
sum of the logarithmic joint likelihood function is the signal that is correctly decided,
that is

N M
argmaxZZln[f(V[ﬂhl, ;)]
=1 i=1
2

N; Nt
o i 0 i
E hyne Me](anmfi JTLf 15+ Z hype me](/)xnm,ﬁ

N, M
1 n=1 n=1
:argrzaachZln<2%2/M> i\l o2 /M - 202 /M

(29)

Since ln( =y M) and — réf/’ i do not rely on the search parameter c;,, we remove them

from the decision variable. The decision criterion (29) can be written as

N[ 40 . N[ 40 . 2
Z hlnel lnelenm,f,' VL Z hlnel lnelenm,f,'
n=1 n=1

e ; ; brfo o2/M B 202 /M

(30)

Thus, (30) is the optimal decision rule for the MIMO-MEFSK system. Since the Bessel
function is nonlinear, the implementation complexity of the receiver is high. Approxi-
mate processing of the Bessel function at high SNR can simplify the optimal decision
rule. Ip(-) is expanded as

Io(x) =~

e* [1+1+1x9+1x9x25+ 31
N 2mx ’ (31)

2!(8x)2 3!(8x)3
when the absolute value of the argument inside Iy(-) is large, n[Ip(x)] is approximated as

Inllo(x)] ~ In (e> ~ x. (32)
2mx

Applying (32) to (30), the optimal decision rule (30) can be rewritten as

Ny M Nt Nt 2
¢=arg Zlncewcc Z Z 2 Z hlnew"’e]‘pxnmﬁ /115 — Z hlnelglne/‘ﬂX,,mfi (33)
=1 i=1 n=1 n=1

The probability of correct decision when the ¢, € C is transmitted, denote by p,,, is
obtained from (33) as

Page 10 of 18
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N, M
_Pr< Zz|hzxmﬁ\|hlxm,fi + Vi | = [Wi X,
=1 i=

—

N, M
>
=1 i=1
k#m, k=(@...MN),

N, M
2
Pon = Dr (ke(l__%%f)_(m) DD 20X | (X + Vi | — [ X

=1 i=1
N M , (35)
< DD 20X [0 X, + vim| = [P Xz )
=1 i=1
Under the high SNR, |h1Xm,fi + vlm‘ in (35) can be processed as follows
2 7
[0 X + V] = { 00X |+ 2Rel Vi (X )1 + 1 |
3 36
2Re[Viyn (X, )] | 2 (36)
~ ’thMJ’i‘ 1 2 ’
[0y X
the Taylor series expansion of {1 + W} 2 is given by
by Xz
1 2
2Re[Vyy, (WX )] ) 2 Re[vy (0 X, )1 1 [ Re[vy (hyX,r)*
1+ e[vim (hy 2,f,)] — 1t e[vim (hy 2,f,)] 1 [ Re[vy,(hy 2,fl)] RO,
L e 4
37)

where the R, (-) is Lagrangian remainder of Taylor series expansion.
At high SNR, the high-order term of (37) is small and can be ignored. The first two
terms of (37) are brought into (36) to obtain as

WX, f, + Vi | ~ [0 X,z | + Re(vm), (38)

2
where Re(vy,,) follows a Gaussian distribution with mean 0 and variance UW”, that is

02
&mw~N<?&> (39)

Bring (38) into (35), we get

N, M

~ _ _ 2
Pe,, X Pr Le(l T/I%C) o ; ;2(|h1ka‘ |h1me |)Re(v1m) (|h1ka| ‘h/me,. |) <0f.

(40)
Define
N, M
g=> | — X | = WXy (41)
=1 i=1

furthermore, the g follows a Gaussian distribution, there is

Page 11 0f 18
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N, M N N
g”N{ZZ_thXkﬂ [0y X,00 )2, ZZ o2(|hy kf’ b X,z ) }
=1 =1 =1 i=1
(42)

Applying the Gaussian distribution normalized result of (42) to (40),the probability of
a correct decision can be represented as

hX WX, )2
po=ot w35 kf2|<,2/’,\§ A7), (43)

ke(l--~MNt)—(m)l 1=

where ¢ () is the distribution function of the standard Gaussian distribution. The prob-
ability of error decision when ¢, € C is transmitted, denoted by p,,,, is given by

(|nx nX,, )2
Pe,, = 1 —Pcyy = Q min ZZ | l kf2‘0—2/|]\/l[ - ) ’ (44)
n

ke@--MNoy—(m) 1 ]

where Q(-) denotes the Gaussian Q-function. The average SER under equiprobable sign-
aling is obtained as

1 M
pe - m Zpem
m=1
1 . }hlxkf |h1X Y )2 N
= T : =1,...,M".
MN: Q ke(lml;}\/l/lgvlz)—(m) 12; ; 202/M "

5.2 Multi-antenna joint minimum Euclidean distance detection

The (30) is the optimal decision rule. It is optimal to use the obeyed distribution to make
a decision, but the complexity is high. As a result, it can be simplified by using the mini-
mum of the joint Euclidean distance of multiple antennas at M frequency points under
the equivalent linear model, which can be defined as

N, 2

¢= argmin Z‘rlf hIme (46)
me(1l--MNt) 11 i=1

where hy is the /th row of HH is an equivalent real channel matrix with the dimension
N, x W and is a relatively slowly varying partial CSI in the context of fast-fading
LOS environments as communication transmission applications. Thus, it is possible to
estimate the equivalent real channel under fast-fading environments. As a linear chan-
nel matrix, conventional linear channel estimation algorithms can be applied, i.e., least

squares channel estimation, there is

. ~ 1\ !
H=rX" (xﬁ?) , (47)
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s3

Fig. 2 Signal-dependent noise distribution at low SNR. The figure shows the distribution of the received
signal when the transmitted signal is 35, and s3 at low SNR

e/

s2 s3

Fig. 3 Signal-dependent noise distribution at high SNR. The figure shows the distribution of the received
signal when the transmitted signal is 35, and s3 at high SNR

where r is the received data by energy detection, X is the equivalent data using the Had-
amard matrix as the training sequence. The equivalent channel H in a fast-fading envi-
ronment is defined by Eq. (15), which is a real channel that contains channel amplitude
state information without the fast-varying phase term ¢/¢. In the general Rice high-speed
railways and low-altitude communication channel models, the amplitude term is mainly
determined by the attenuation of the direct path, and the motion causes the phase to
change rapidly [29, 30]. As a result, the estimation complexity of the equivalent channel
H is significantly lower than that of the complex channel. When linear detection algo-
rithms such as zero forcing (ZF) and minimum mean square error (MMSE) are adopted,
the number of received antennas is constrained by N, > W To ensure that H is
invertible and the weighted channel matrix (HTH)"'HT can be obtained.

6 Results and discussion

Above, we describe a spatial multiplexing MIMO-MFSK system that has Doppler
robustness in fast-fading wireless communication environments. The system is then
equated to a linear model, and SER is given as the performance metric. Subsequently, we
adopted a suboptimal detection method. In this section, the theoretical average SER is

compared with the numerical results, and the simulation also demonstrates the accuracy
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Fig.4 Thef(r;¢ |h; X ) of the joint constellation at f; under low SNR. The figure compares f (r; . |h; X¢ ) by the
theoretical analysis and the simulation at low SNR
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Fig.5 Thef(r;r |h; X ) of the joint constellation at f; under high SNR. The figure compares f (1 |h; X ) by the
theoretical analysis and the simulation at high SNR

of the received signal distribution by energy detection. Additionally, we analyze the sig-
nal-dependent noise problem of minimum Euclidean distance detection.

Figures 2 and 3 are the distributions of the received signal after energy detection
when the transmitted signal is s1, sy and s3. The optimal decision rule states that when
the received signal falls on the left region of the decision boundary b1, the transmitted
signal is considered to be s;. A judgment transmitted signal is considered sy as long as
the received signal lies between the decision boundaries b1 and b2. When the received
signal is in the area to the right of the judgment boundary 52, the signal is sent as s3.
The variance of each distribution is relatively large at low SNR, so there is obvious over-
lap between adjacent distributions. At the same time, large noise will cause deviations
in the center positions of each distribution, so the distance between their centers will
differ from the original distance. The accuracy of the minimum Euclidean distance
detection is affected by the above changes. According to the optimal decision rule, the
transmitted signal should be determined as s3 when the received signal falls at position
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Fig. 6 Simulation and theoretical comparison of the SER of MIMO-4FSK. In the figure, the SER is compared
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Fig. 7 SER performance of MIMO-4FSK and MIMO-4ASK under energy detection. The figure compares the
performances of two different modulation modes based on energy detection

A. Considering the minimum Euclidean distance, the influence of large noise makes
dl<d2, so it will be misjudged as sy. As depicted in Fig. 3, when variance at high SNR
is reduced, distributions become more concentrated, and the overlap regions between
neighboring distributions become smaller, thus improving the overall performance of
minimum Euclidean distance detection. In addition, the isometric constellation design
of the transmitting signal can also reduce the overlap regions between neighboring dis-
tributions and improve the accuracy of the minimum Euclidean distance detection.

In a MIMO-MFSK system with 3 transmitting and receiving antennas, the transmit-
ted signals are all correlated at f; to obtain eight signal vectors, each with elements
0 and 1. Figures 4 and 5 show the comparison between the numerical and theoret-
ical formula (28) of the transmitting signal constellation under low and high SNR.
Numerical results show that the simulation and the theoretical formula match well,
and as the SNR increases, the overlap regions between adjacent distributions shrink.

Figure 6 compares the numerical results using minimum Euclidean distance detection
(46) with the theoretical formula for average symbol error probability (45) in a spatial
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Fig. 8 SER performance of noncoherent MIMO-4FSK and coherent MIMO-QPSK in fast-fading environments.
The figure compares the Doppler robustness of MIMO-4FSK and MIMO-QPSK in fast-fading environments

multiplexing MIMO-4FSK system based on energy detection. At high SNR, the simu-
lation matches the theoretical formulation well. As the number of antennas increases,
SER performance improves. The reason is that as the number of receiving antennas
increases, the diversity gain of the receiving end will increase as well. In addition, the
decision criterion is to adopt multi-antenna joint detection. As the number of antennas
increases, the reliability of detection will be enhanced. Thus, the SER of the system will
be improved.

Figure 7 shows the performance comparison of the MIMO system using 4FSK and
4ASK modulation. The performance of the MIMO-4AKS system is limited by the lim-
ited amplitude modulation space. As a result, the performance of the MIMO-4FSK
system outperforms that of the MIMO-4ASK. As the number of receiving antennas
increases while the transmitting antenna remains the same, the performance of the sys-
tem improves. The reason is that the diversity gain of the receiving end will increase as
the number of receiving antennas increases. In contrast, the receiving antenna remains
the same, and increasing the transmitting antenna will deteriorate performance. The
transmit signal is encoded with V-BLAST spatial multiplexing and multiple data streams
are sent in parallel. If the diversity gain at the receiver side remains constant and the
number of transmitting antennas increases, the mutual interference under spatial multi-
plexing will increase, and the system performance will deteriorate.

In the context of a fast-fading channel, the frequency band is around 2.4 GHz and the
bandwidth is around 1 MHz. As shown in Fig. 8, we describe the Doppler robustness
analysis of the spatial 4FSK modulation with energy detection and the spatial QPSK
modulation with coherent detection when transmitting and receiving antennas are both
4. The performance of MIMO-QPSK deteriorates sharply as the Doppler shift increases.
In a fast-fading environment, the channel changes rapidly and the channel coherence
time becomes shorter, which makes instantaneous channel estimation difficult. Coherent
detection will rapidly degrade if there is no instantaneous tracking of phase changes. In
comparison, the MIMO-4FSK based on energy detection has better Doppler robustness.
Square-law energy detection can eliminate phase interference so that it has little effect
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on the energy detection system. If the Doppler shift is large, the signal frequency will be
offset, resulting in a frequency mismatch, which directly affects the error performance.

7 Conclusion

This paper presents a spatial multiplexing MIMO-MFSK system based on energy detec-
tion with a limited number of transceiver antennas, further extending the modulation
space to mutually orthogonal amplitude and frequency dimensions. In fast-fading environ-
ments, it can improve communication capacity while maintaining reliability. The energy
detection technique can help avoid phase synchronization problems, reduce the complex-
ity of the training sequence, and eliminate pilot pollution. As a result, the system will be
more robust to Doppler effects. The MIMO-MEFSK system is equivalent to a real linear
model through nonlinear processing, which reduces channel estimation and signal detec-
tion complexity. As the primary metric for judging system performance, the theoretical
expression for the SER is given, and we analyze the problem of signal-dependent noise that
affects the detection performance of the system. To further enhance overall system perfor-
mance, future work can optimize the constellation design according to the SER formula.
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