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Abstract. Massive ultra-reliable and low latency communications
(mURLLC) is emerging as a new important and critical service cate-
gory in the six generation (6G) mobile communications. However, it is
extremely challenging to achieve mURLLC because it needs to fulfill
three performance requirements simultaneously, i.e., reliability, latency,
and large-scale access requirements. Existing related studies are few and
almost all based on the ideal assumption of Rayleigh fading or orthog-
onal pilots. We considered cell-free massive multiple-input multiple-
output (CF mMIMO) and linear precoding to achieve mURLLC under
Nakagami-m fading. Firstly, we establish a channel state information
(CSI) error model with pilot contamination and analyze statistical prop-
erties of estimates and errors for Nakagami-m fading channels. Secondly,
in conjunction with maximum ratio transmission (MRT) precoding, we
derive the signal-to-interference-plus-noise ratio (SINR) of the downlink
of the CF mMIMO system under Nakagami-m fading, which is meaning-
ful but never mentioned in the literature. Then, we calculate the error
probability (EP) with the finite blocklength and reveal interaction rela-
tionships between different indicators. The simulation results indicate
that under pilot contamination, imperfect CSI, and Nakagami-m fading,
mURLLC can be achieved by optimizing system configurations.
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1 Introduction

Ultra-reliable and low latency communications (URLLC) requires latency less
than 0.5 ms and reliability higher than 99.999%, making it one of the most chal-
lenging services [1-3]. As the scale of Internet of Things (IoT) devices grows
dramatically, enhancing the access performance of the system is unavoidable to
accommodate large-scale access for various requirements. Combining URLLC
with large-scale access, massive ultra-reliable and low latency communications
(mURLLC) can meet the future communication needs of IoT [4], which is a
“killer” application scenario that can fully reflect the 6G revolution [5,6]. Nev-
ertheless, tackling the three requirements of reliability, latency, and large-scale
access to achieve mURLLC is fundamentally quite intractable [1]. In addition, how
to design the mURLLC system architecture and transmission model to establish
a high-density network with sufficiently large coverage is also a hot topic.

In order to cope with the above challenges, it is generally considered to adopt
a new type of cell-free architecture to centrally process the signals of a sub-
stantial amount of access points (APs). It is more suitable for various heteroge-
neous communication scenarios of future wireless networks than the traditional
cellular architecture. At the same time, massive multiple-input multiple-output
(mMIMO) has kept vigorously developing in recent years, and has shown signifi-
cant advantages in peak rate enhancement, spectral efficiency and reliability. Cell-
free mMIMO (CF mMIMO), which combines mMIMO with the cell-free archi-
tecture, has the potential to meet the additional diverse needs of mURLLC. In
addition, as a special distributed mMIMO system, CF mMIMO greatly shortens
the distance from users to APs in traditional cells with a strong ability to resist
fading, and shows a lot of promise to be one of the primary 6G technologies [7].

At present, relevant scholars have carried out research on URLLC and
mURLLC based on CF mMIMO. Based on finite blocklength (FBL) informa-
tion theory and stochastic network calculus (SNC) analysis tools, Zhang et al. [4]
examined the CF mMIMO system to fulfill the strict requirements of mURLLC
and accurately predicted the latency and error probability (EP) limitations.
Nasir et al. [8] further optimized the downlink system’s data rate and energy
efficiency, proving that the CF mMIMO system has great potential to support
URLLC services. Zeng et al. [9] combined maximum-ratio combining detection
with simple path loss decoding, and achieve energy-efficient massive URLLC over
CF mMIMO. Peng et al. [10] calculated the lower bound (LB) of ergodic data
rate of downlink under the condition of finite block length and lack of accurate
channel state information (CSI).

1.1 Motivation

Although some scholars have combined CF mMIMO for analysis, most of them
are still discussing URLLC [8,10,11]. How to overcome the mutual constraints of
latency-reliability-connection density to realize mURLLC is still an intractable
problem. At the same time, although mURLLC is mentioned in papers such as [4]
and [9], they all make the assumption that there is not any pilot contamination.
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In this case, the pilot signals of different users are orthogonal to each other, which
is impractical when there are sufficient users but insufficient pilot resources.

Additionally, the majority of papers make the assumption that the chan-
nel undergoes Rayleigh fading, which is not applicable when there is a line of
sight (LoS) component present. Nakagami-m distribution can closely resemble
the Rician fading model and serves as a more broad fading model that includes
Rayleigh fading as a specific example [12]. Many of the current results on the
Wishart matrix may be used for analysis when the components of the channel
matrix H have a Gaussian distribution [13]. Nevertheless, it is challenging to
analyze the higher-order statistical characteristics of H and the statistical char-
acteristics of the correlation matrix when the elements of H are not Gaussian
distributed. The existing papers only consider the special case when the H matrix
dimension is 2 under Nakagami-m fading [14]. It is worth further exploring how
to analyze the performance of massive users.

This study aims to conduct channel estimation and downlink data trans-
mission under Nakagami-m fading and to further examine how user volume,
reliability, and latency perform in relation to each other under various system
parameters.

1.2 Contributions

1. With imperfect CSI under the Nakagami-m fading, we establish a CSI error
model with pilot contamination and analyze statistical properties of estimates
and errors of channels.

2. Using maximum ratio transmission (MRT) precoding, we develop a closed-
form formula of signal-to-interference-plus-noise ratio (SINR) of downlink of
CF mMIMO system under the Nakagami-m fading.

3. Using FBL information theory, we analyze the connections between reliability,
latency, a number of connected users, pilot length, and other factors. To
enable mURLLC, we then improve the CF mMIMO system parameters.

The remainder of this paper is organized as follows. Section 2 describes the
CF mMIMO system model. In Sect. 3, we analyze the estimation of the uplink
channel under Nakagami-m fading. In Sect. 4, we derive the downlink SINR and
EP with FBL information theory. Section 5 presents some numerical results and
related analysis, and Sect. 6 concludes this paper.

Notations: CE*N collects K x N complex-valued matrices. E(e) and D(e) denote
expectation and variance, respectively. (8)” denote transpose. (¢) denote trans-
pose and conjugate. CA'(0,1) denotes the zero-mean complex Gaussian distri-
bution with variance 1.

2 System Model

We assume a time-division duplex (TDD) mode. A CF mMIMO system contains
U single-antenna users and ) multi-antenna APs. It is noting that there are F'
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antennas on each AP as shown in Fig.1. g4 f, is assumed to be the channel,
which is between the user u and the fth antenna of the AP ¢, and it is specified

as follows
9a.fu =V Baubg,fu (1)

where hy ¢y, = |hg u| €79 and 3, represent the small-scale and large-scale fading
coefficients, respectively. 3, is known at each AP. ¢ and |hg ;.| are phase and
amplitude of hy r,,. They follows uniformly distributed in [0, 27) and Nakagami-
m distribution, respectively [12,14]. The probability density function of |hg, fy|
is shown below

_ 2 (Mg 20—y (Mg /D) 1
T )= ey (2 e a0y
(2)

where Q. = E[|hy, fu|?] representing the average power, which is a parameter
of the Nakagami-m distribution and m is an another parameter. The gamma
function is represented by I'(-). The Nakagami-m squared envelope |hg, fu|2 has
a gamma distribution i.e. Gamma (mgq,y, Qq,u/Mq,u). Note that |hg f,| is inde-

A
pendent of @, SO ]E[hq,fu} = 0. qu = 1/ /Bq,uhq,u = [gq,luagq,2u7---7gq,Fu]T7

h,, 2 [hgtus Big.2us -y g u] - We assume that the elements of hy,, are uncor-

related and h, , and h,, are independent, for u # v’

%AP{/K A7) . / %
| |
& \ // | N ng"
UE \\g) AN
AP,

Fig.1. A CF mMIMO system with multi-antenna distributed APs.

Here, pilot-assisted channel estimation (PACE) is taken to obtain CSI in
the uplink. Then, APs use the channel estimates and apply MRT processing to
transmit data to every users in the same time-frequency resource. N = 7, + 174 is
defined as the available number of channel uses, consisting of two parts 7, and 7y,
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which are used for uplink channel estimation and downlink data transmission,
respectively.

3 Uplink Channel Estimation

Initially, the user simultaneously sends a pilot signal to each AP in the system
for uplink channel estimate. The length of the orthogonal pilot is denoted as 7.
Considering the large number of users, we assume that U > 7,. x! € C»*! and
va € C™*! are the pilot sequence sent by user v and user v, which satisfy the
relationship as follows.

(x? )pr _ { 0,v & Su, 3)

tu Ty Tp, U € Sy,

where, i, and i, € {1,2,...,7,} represent the index values of pilots for user u
and user v, and S, is the set of users who use the pilots used by user uw. The
pilot signal received at an AP ¢ is

Y? = /GG, XP + ZP

= VP81 8oz Bo] (). (F,). o (1)) + 2

. (4)
T
=D E qu(xZ_) +Zy
=1

where, p represents the average uplink transmission power, which is the

same for each user. G, = [g;1,84.2,-8v] € CI*V and XP =
(), (x2), s (xfu)]T € CY”™ are defined as a channel matrix between

P ¢ and all users and a pilot signal matrix, respectively. [G] fu = Ya.fu =

VBauhq fu- ZE € CF*™ is a noise matrix in which the elements follow a com-
plex Gaussian distribution with a mean of 0 and a variance of 1, and the elements
are independent of each other. We can obtain the expression for the estimated
channel by the minimum mean square error (MMSE) method, as given by [15, 16]

8qu = CquYy (Xp )*

(2

v T
= o [VBY B0 (x) +20| (<)
j=1

= cquVP Z 8¢,0Tp + Cquly (xfu)*
VES,

::C%u\zﬁ }E: 8qvTp + Wqu,

VES,

— V?Bqu = _ P \* 2 s

where, ¢, ., = —X22L% W, = Cou P (Xt ~ CN (0,c% , 17,1r). Consid-

P 5wl Y Y h(x7.) (0, ¢5.u7Lr)
veESy

ering that g4, fu = v/Bg,ulq,fu a0d E[hy 5] = 0, we can deduce that E[g,,] =0
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and D (g, u] = Agulr, Agu = Cﬁ,qu <p7p ZS Bavq0 + 1 |- 8gu = 8gu — Bqu
VESY

is the estimation error with E[g,,] =0 and D[, 4] = (84.uq.u — Ag.u) Ir-
Proof. See Appendix A.

Cq,u

Under the influence of pilot contamination, g,., = “2*g,, = gq—’”gw with
0. 4,

v € Sy, v # w. This indicates that there is a correlation between g4, and gq .
after using the same pilots.

4 Downlink Data Transmission and EP

4.1 Precoding and Received SINR

For downlink transmission, all APs send signals to U users simultaneously.
Let s(r) = [s1(r),...,su(r)]" be the rth symbols intended for U users and

E [s(r)s(r)H} = Iy. After MRT processing, the precoded signal vector is

U

Xq (r) = Z VPq,uWq,uSu (7), (6)

u=1

where wWg ., = 8¢u/{/E {ng,uﬂﬂ = 8qu/\/FAgu is the MRT precoding vec-
tor. pq. is the downlink transmission power allocated by AP ¢ to user u with

25:1 Dqu < p, where p is maximum downlink transmit power. Then, we can
obtain the downlink data signal at user u

Q
yu(r) = > gt xq (1) + 2u(r)
q=1
Q U
= Z [\/pq,uggqu,usu(r) + Z \/pq,jggqu,jsj (T)} + ZU(T'),

J=1j#u

2
=

Q
= E[Z qu,uggqu,u] su(r)

q=1
Aiu (7)

Q Q
+ {Z qu,ugcfqu,u - E[Z qu,ugfqu,u]} su(r)

q=1 q=1
Agu
U Q
+ Z Z qu,jggqu,jsj (1) + zu(r),
Jj=1l,j#uq=1

Aguj
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where Aju, Asu and Asuj represent the coherent precoding gain, precoding gain
uncertainty, and multi-user interference, respectively. z, (r) is Gaussian noise and
zu(r) ~ CN (0,1). In this case, the SINR of user u is given by

|Ayul®
Tu =

; (8)

U

EflA2ul? ]+ > E[UAsuj|?] + E[|Z1.[?]
j=Li#u

According to [15], 7, can also be written as

2
Q
Zl VP8¢ Wa,u]
q:
Tu = . 2 2
ZlE Pa,i84uWa,j Pa B[l Wau]| +1
J= =

2
Q
F ( Zl vV pq,qu,u)
a=

2
Q
Au -F ( Zl V pq,qu,u>
q:
where A, = A1 + Ay,

2v
Q pq,uﬁ;gqi){ [Aqu+( _1))\2 ]

A= o o)
jesy =1 T Z Z v Pq,jPq’ ,J@“ e \/F Agudg’ u
q=1q¢'=1,q9'#q
U Q
:ZZ Pq,j ﬁq, q,u ) (11)
j=1q=1
R 4
Agu =E |3 5ul"]
Qg0 \°T (mgo +2)
2 4 q,v q,v
e [ () (12)
‘@ <v€§5:'“ Mq,v T (mg)
b T 12D > BruBe w4k 078 D BroQq
vES, vESu: VES,

Proof. See Appendix B.
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4.2 EP Under Finite Blocklength

We concentrate on FBL, which is suitable for URLLC. Under the aforementioned
theoretical tools, the achievable data rate can be represented as [10,17]

1 - V u) A—
L=Vl oo, (13)
where n = Tﬁp, N = Bt,, t, is the transmission latency of uth user, -, is the SINR

of uth user, and &, is the EP of uth user. C(y) = mg%”, Viy) = %,

— "2
and Q(z) = \/% = e(=2)dy. Because R, = w/(N — 7,), where w represents
the packet size, the EP obtained based on FBL theory is written as

~ N w
Eu—Q< (1_77)‘/(’)%)((1_77)0(7“)_1\]_7-}1)). (14)

5 Numerical Results and Analysis

Ry~ (1=n)Cv) -

We present theoretical and simulation data in this part to support the above-
mentioned findings.

In a 2 x 2km square, users and APs are dispersed uniformly and indepen-
dently in the simulation scenario under consideration. Assumed to be 5percent
is the activation probability of potential users. For large-scale fading, 84.. =
tp(dgu/do)”“". The specific definitions and values of p,, a,, do are shown in
Table 1. Here, each AP distributes its downlink signal power equally for users
and pg, = p/U.

Table 1. Simulation parameter

Parameter Value
Number of potential users, U 1000-2000
Uplink average TP (dBm) 20
Downlink power of each AP (W) 1
Bandwidth, B (MHz) [100, 200]
Packet size, w (bit) 30

Path loss exponent, o, 3
Minimum distance, do (m) 20
Constant path loss, u, (dB) -10
Noise power spectral density (dBm/Hz) | —170

With a reasonable adjustment of the Nakagami-m fading parameters, we
were able to replicate three of the classic fading models, Rayleigh and Rician,
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m = 0.5, theory

O  One-sided gaussian fading, simulation
m = 1, theory

O  Rayleigh fading, simulation

m = (k+1)%/(2& + 1), theory

O Rician fading with £ = 5, simulation
m = (k+1)*/(2x + 1), theory
Rician fading with & = 2, simulation

Fig. 2. PDF of the Nakagami-m RV.

and One-sided Gaussian distribution in Fig. 2. For example, when m = 0.5, the
black circles representing the PDF of Nakagami-m distribution almost perfectly
overlap on the black curve, which represents the one-side gaussian random vari-
able generated by simulation. Similarly, by observing the blue and green curves
and circles, we can find that the Nakagami-m distribution can fit the Rician
distribution with different x as the shape parameter x of the Rician distribution
changes when m = (k + 1)°/ (2k + 1). The above results show the fitting ability
of Nakagami-m distribution. Thus, our analysis under the Nakagami-m fading
model has higher utility compared to that under the Rayleigh and Rician fading.

10° *
10714
o
102 = 3
2z A\
S 403k 99.03% =
@ decrement in EP '-‘
(=%
510%E 39.10% —
I} ecrement in
3
10 7y
P ——7,=35
10° EP=10" ——, =30
——7, =25
107

. . . . .
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05
Latency (ms)

Fig. 3. EP vs. latency
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We analyzes the variation law of EP with latency through simulation under
several different pilot numbers, as shown in Fig. 3. Obviously, regardless of the
value of 7,, EP decreases gradually as the target latency increases. This suggests
that there is a mutual constraint relationship between latency and reliability,
and the performance of one can be appropriately reduced in exchange for the
enhancement of the other. Moreover, comparing the three lines with different col-
ors in the figure, it can be found that reliability can be enhanced by adding more
orthogonal pilots. When 7, = 25, latency and reliability do not satisfy URLLC
requirements simultaneously. However, when 7, = 35 and the given latency is
greater than 0.24 ms, observing the red line, we can find that the reliability is
always above 99.999%, which is due to the reduction of pilot contamination.
Therefore, when the system performance requirements are strict, reliability and
latency can be guaranteed simultaneously by increasing the orthogonal pilot
resources.

b
—eetmen 7, = 60
—6—7,=35,t=02ms

Error probability
>
IS

08.510 A

decrement in EP

=)

EP=10°

108

. . .
1000 1200 1400 1600 1800 2000
Number of users

Fig. 4. EP vs. the number of users.

- === 0=80, U= 1600
—— 0 =120, U= 1600
—e— 0=160, U= 1600
- - == 0=80, U= 2000
—%— 0 =120, U= 2000
—6— 0 =160, U= 2000

99.55%
decrement in EP 4

Error probability

decrement in EP

0. 35 0.4 045 0.

EP 10°
0.1 0. 15 0.2 0. 25 0 3 .5
Latency (ms)

Fig. 5. EP vs. latency for different numbers of APs and users.
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Figure4 illustrates the interaction between reliability and the number of
users. By observing the trend of the lines in the figure, it can be concluded
that when the system accommodates more access users, the EP increases. This
means that there is a mutually restrictive relationship between reliability and
the number of connected users. We note that at 7, = 25, ¢ = 0.5 ms, when the
total number of households increases from 1500 to 1600, there is a jump segment
with a large amplitude (from meeting the reliability requirement to not meeting
the requirement) in EP. Similarly, at 7, = 25, ¢ = 0.5 ms, EP also experienced
a jump as the number of potential users increased from 1800 to 1900. These
indicate that the system can only support a certain number of users at a par-
ticular latency and reliability. At this point, the three indicators of reliability,
latency, and number of users can be guaranteed to be optimal simultaneously
to achieve mURLLC. In addition, by increasing the number of pilots, reliability
can be ensured under more stringent latency requirements.

By varying the quantity of APs, we investigate the influences between reli-
ability and latency under various APs deployment situations in Fig.5 in order
to enhance system transmission performance to the greatest extent feasible with
constrained antennas. Both the red and blue lines have the highest dashed line
and the lowest solid line with a circle. This phenomenon means that under cer-
tain latency conditions, the more sufficient the AP, the higher the reliability of
the system. For example, when ¢ = 0.45 ms, the EP drops by 99.55% when Q
rises from 120 to 160. In a similar vein, the two blue lines at the bottom of
the graph show that, at U = 1600, ¢ = 0.2 ms, an increase in APs can greatly
enhance system reliability, resulting in a 99.25% improvement in reliability per-
formance. This is because a denser deployment of APs results in a shorter path
between users and them, which influences the large-scale fading coefficient.

T
—6— 0=120,t =03 ms
- = =.0=120,t =0.2 ms
102 ¢ —6— 0=280,t=03ms |4
- - = -0=80,t=02ms
—6— 0=60,t=0.3ms
- ==.0=60,t=02ms ||

99.73%

decrement

Error probability

100 120 140 160 180 200
Bandwidth (MHz)

Fig. 6. EP vs. bandwidth
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In addition, regardless of whether U = 1600 or U = 2000, users are able to
meet the performance requirements under certain conditions. This shows that
mURLLC can be implemented by adjusting the system parameter configura-
tion (such as the AP numbers) to achieve the performance requirements under
different numbers of users.

Furthermore, the Fig. 6 illustrates the relationship between EP and band-
width in various AP deployment circumstances. On the one hand, every line on
the graph indicates a declining trend as bandwidth increases, indicating that
bandwidth resources can be utilized in exchange for reliability. For instance, if
the deployment scenario of APs and the latency are fixed, then a suitable band-
width increase can satisfy the lower EP. On the other hand, when the bandwidth
is limited, we can compare the vertical axis of the curve and obtain that reliabil-
ity can be guaranteed by adding more APs or reducing the latency requirement.

s
g

2 ms
3 ms

0
0

Achievable data rate (kbit/s)
Achievable sum data rate (Mbit/s)

@
3

100

1 2 3 4 5 6 7 8 9 10
Error probability 107 Error probability x107

(a) User achievable data rate (b) System achievable data rate

Fig. 7. Achievable data rate vs. EP.

Figure 7 shows how the goal EP affects the achievable data rate, which reflects
the trade-off of system between rate and reliability. Figure 7(a) is the single user
considered and (b) is the whole system. It can be seen that when EP is given,
the line containing the solid circle is above the line containing the hollow circle,
indicating that the higher the target latency, the stricter the requirements for
the achievable data rate. Meanwhile, when the latency and reliability are fixed,
providing an appropriate number of orthogonal pilots can achieve greater data
rates. For example, at EP equal to 1077 and ¢t = 0.3 ms, the sum data rate
can be elevated by 35.88% when 7, is increased from 35 to 40. These show that
we can achieve different target performances by adjusting the system parameter
configurations.

6 Conclusion

The impact of non-orthogonal pilots on the EP of downlink CF mMIMO sys-
tems during Nakagami-m fading was examined in this research. We derived the



Achieving mURLLC Under Nakagami-m Fading in the CF mMIMO System 327

statistical properties of the channel estimates and the downlink SINR under the
linear precoding method. The EP was analytically evaluated by FBL informa-
tion theory. Numerical analysis results showed that Nakagami-m fading can be
fitted to Rayleigh, Rician, and one-sided Gaussian fading. In addition, notably,
mURLLC is able to be attained by suitably modifying the quantity of APs,
pilots, bandwidth, and numerous other system configurations.

A Proof of E [g; ], D[gix], E [&,c] and D [g ]

We have,

E[gqu] =E |cquvD Z 8q.vTp + Wau

VES,

= CquV/DTp Z Elgg,o] + E[Wqu] =0, (15)
VES,

D (&g,

E|g.u80L]

r "
=E <Cq,u\/1; Z 8q,0Tp + V_Vq7u> (cq,u\/ﬁ Z 8q,0Tp + v_Vq7u>

vES, vES,

_ 2 -2 H 2 -2 H — — H
=E Cq,uPTp § : 8q,98q,v +Cq7up7—p § : § : 8q,v8q,v’ +Wq:qu7u
VES, VESy VES,, v #v

(a) _
= Cg,upTg Z ﬂq,qu,vIF +0IF + CaquIF

VES,

= Cg,qu (prp Z Bqwq0 + 1) Ir

VES,

2\, (16)

where, the condition for equation (a) to hold is that the channels between
different users and the same AP are independent of each other. The channel
estimation error can be expressed as g4 = gg,u — Gq,u and is independent of
the estimate §q,. Therefore, E[g, 4] = E[gqu — 8qu] = 0, D[8pu + &) =
Dggu] +D[8gu] = Dlggul, D[8gu] = D[gg.u] =[] = (Bg,ulqu — Aquu) Lr
The proof of the expectation and variance of channel estimates and estimation
errors is completed.



328 Q. Xu et al.

B Proof of Downlink SINR

In this part, we provide proof of (9). According to [15], the further simplified
expression of SINR can be expressed as

\/7[gq, Wa,u ]

il 1Mo

U
Zl Pq,j \/pqu[gqu ] +1
j=
where,
0 2
Z Elgy!u Wq.u]
Q 2 e 2
Z gq u + gq u wq u Z gq uWgq, u] (18)
Wou = 8o, = —Bov  when using MRT precoding. Furthermore, we
P EllgeulP] VA
have
Q 2 e g 2
> mrtlelvan]| =3 v st
q=1 q:1 FAQ u
Q
Pgu—m— i) {ng, } = F(Z V Pgulgu > (19)
q,u
U
The term > E Z VP28 Wq | | is given by
=1
U Q 2 Q 2
STED . Vasgluwe| | =D E Z VPq (gq u+ &g u> Wq,j
j=1 q=1 Jj=1 g=1
0 Q v Q . 2
= Z Z gq uWq,j + ZE Z VP4,i85uWaq,j
j=1 g=1 j=1 g=1

1>

Aul + AuQ (20)
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where the condition for equation (b) is that g, is independent of g, ,,. Substi-

tuting wg ; = \/% into (18), we obtain
U Q 2 U Q . 2
Au =Y E| | Vhasgiawas| | = D E||Y Vhesgi e
=1 |le=1 €5 1 VEAq

q=
ﬂ 2
1
=) E VP S8,
JEZS [Z quFAqJﬁ .
Q 1 R .
> pr 2 i gl
JESy g=1

U Q Q
BaiBar s 1 ) i
LD ID IR DRI e v Ny (1ol I*] E [Ellger ul°]

JESu ¢'=1¢"=1,q'#l

(21)
where,
2
2 F
E [ignl] =B [(l20al?) ] -2 3w
F F F )
=2 E[lannl ]+ X 3 B0l |E [0
=1 m=1 f'=1,f#1
I 4
= Z CquVP Z Gq0Tp T+ Weu| | + F(F—1) A;u
f=1 vES,
=FAgu+F(F -1\, (22)

The specific expression of A,, is shown in (12). Due to space constraints,

we have omitted some cumbersome steps, but it is worth noting that |hg, fu|4

follows the generalized gamma distribution with parameters pl = 1/2, d1 =
2

/2 and E [l pul*] = a1 GEDED (s ) Eatd ypen Jh, 2 ~

T'(d1/pl) Mg,u F(mq,u)
Gamma (Mg, Qq,u/Mg). Substituting (20) and IE{ng,u |2} [||gq,7u||2} =

F2Xgulgw into  (19), we obtain A, in (10). Furthermore,

2
U
j=1

%

> E

Z Pq, ng uWWq,iWg, qu w| T0=

q=1

& ~ [
21 VPq.i8q,uWq.j
=

Uu Q
> > g, (Bguqu — Agu)- Then, we obtain -+, in (9).

j=1g¢=1
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