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Abstract—Multi-connectivity, in which multiple base stations
(BSs) cooperate and jointly transmit to a user, enables a
5G cellular system to meet the challenging reliability require-
ments of downlink ultra-reliable and low-latency communica-
tions (URLLC) traffic. We derive insightful expressions for the
achievability, which is the probability that the URLLC user’s
reliability requirement is met by multi-connectivity. We then
propose a low-complexity algorithm to jointly select the set
of cooperating BSs and modulation and coding scheme (MCS)
to minimize the throughput loss incurred by enhanced mobile
broadband (eMBB) users whose time-frequency resources are
punctured to carry URLLC data. For time-varying channels
with feedback delays, we present a new stochastic reliability
requirement for URLLC traffic. The MCS selected on the
basis of this requirement markedly increases the probability of
meeting the block error rate (BLER) target over the grid of
URLLC user locations.

I. INTRODUCTION

5G serves a diverse set of use cases, namely, enhanced
mobile broadband (eMBB), massive machine-type commu-
nications (mMTC), and ultra-reliable low-latency communi-
cations (URLLC). Among these, URLLC presents unique
and challenging requirements, which include block error rates
(BLERs) as low as 10−6 and latencies as small as 1 ms [1].
It enables new applications such as factory automation,
telesurgery, and autonomous driving.

New techniques are essential for satisfying URLLC’s chal-
lenging requirements. One such technique for the downlink is
multi-connectivity. In it, multiple base stations (BSs) send the
same information to the user to improve the reliability of com-
munication [2]. To achieve a 1 ms latency, the URLLC data
spans only two orthogonal frequency division multiplexing
(OFDM) symbols. Upon arrival of the URLLC data, the BS
immediately transmits it by puncturing or superposing a part
of the eMBB data. It also transmits a preemption indicator
on the control channel to inform the eMBB user about the
time-frequency resources, which are called resource elements
in 3GPP, that it punctured [3, Ch. 10]. Other techniques in-
clude multi-slot transmissions, in which the transmitter sends
multiple copies in consecutive slots, and antenna diversity.
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Multi-connectivity can be implemented using either orthog-
onal transmission (OT) or joint transmission (JT). In OT, the
BSs transmit on orthogonal resource elements [4]. In JT, the
BSs use maximum ratio transmission (MRT) and transmit on
the same resource elements using a common modulation and
coding scheme (MCS) [5]. The resultant signal-to-noise ratio
(SNR) is larger because it is the sum of individual SNRs from
the different BSs. JT requires fewer resources than OT since
the BSs transmit on the same resource elements.

A. Focus and Contributions

We focus on multi-connectivity for downlink using JT. We
address two important system design issues related to its
reliability that have received less attention in the literature.
First, while multi-connectivity improves the reliability of
URLLC, it requires eMBB resources at multiple BSs to be
pre-empted and causes eMBB throughput loss. Therefore, the
subset of BSs that cooperate and their MCS need to be jointly
optimized. Second, choosing the MCS of the URLLC user as
soon as its packet arrives at the BS requires the availability of
timely channel state information (CSI) at the BSs. Requesting
CSI from the URLLC user on an as-needed basis leads to
unacceptably large latencies. Thus, the CSI needs to be fed
back periodically by the user. However, this causes the CSI to
be partially outdated by the time it is used for transmission.

We make the following contributions:
• When the feedback delays are negligible compared to

the coherence time of the channel, we propose a low-
complexity multi-connectivity MCS selection algorithm
(MCMSA) to select the BSs and their MCS to minimize
the sum eMBB throughput loss while satisfying the
URLLC error requirement. We also derive insightful
expressions for the achievability, which is the probability
that a feasible solution exists, i.e., at least one subset of
cooperating BSs and MCS can meet the error target.

• In time-varying channels with non-negligible feedback
delays, the BSs cannot know the instantaneous SNRs
at the time of transmission. Thus, multi-connectivity
cannot meet an instantaneous BLER target. We propose a
novel stochastic reliability constraint to choose the MCS.
It mandates that the probability that the instantaneous
BLER at the time of transmission (given the fed back
CSI) is less than a target BLER should exceed a pre-
specified threshold. We derive a tractable expression for
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the above probability. This selection of the MCS meets
the error target with a much higher probability than the
conventional approach that ignores feedback delays.

To the best of our knowledge, our paper is the first to
account for the impact of feedback delays and outdated
CSI on multi-connectivity for URLLC. Our formulation also
accounts for the 5G requirement that the same MCS must
be used for all the subbands on which the URLLC packet is
transmitted [6]. This requirement is imposed in the standard
to limit control channel overhead even though the SNR varies
across subbands due to the channel’s frequency-selectivity.

Comparison with Literature: Our work differs from the
literature in several respects. We do not assume the linear
loss model, in which the eMBB throughput loss is assumed to
be directly proportional to the number of punctured resource
elements [7]–[10]. In [11], the throughput loss is calculated
using mean mutual information per bit. Instead, we employ
an accurate simulation-driven approach that systematically
tabulates the eMBB throughput-loss of each MCS.

Flat fading is assumed in [5], [7], [9], [12]. On the
other hand, we consider the more realistic frequency-selective
fading model. While eMBB throughput loss is considered
in [7], [11], [12], multi-connectivity is not considered. In [13],
eMBB-URLLC coexistence is not considered, and small-scale
fading is not modeled in [5], [13]. While coordinated multi-
point predates multi-connectivity, issues related to eMBB-
URLLC co-existence do not arise in it.

B. Outline and Notation

Section II describes the system model. Section III presents
the MCS selection algorithm and achievability analysis when
feedback delays are negligible. Section IV addresses the case
of non-negligible feedback delays. Section V presents our
numerical results. Our conclusions follow in Section VI.

The probability of an event A is denoted by Pr (A). The
conditional probability of A given B is denoted by Pr (A | B).
Expectation is denoted by E [·], and expectation conditioned
on Y by E [· | Y ]. The moment generating function (MGF)
of a random variable (RV) X is denoted by ΨX(s); it equals
E [exp(sX)]. The size of a set S is denoted by |S|.

II. SYSTEM MODEL

We consider a set B = {1, 2, . . . ,K} of K BSs that serve
eMBB users and a URLLC user. The URLLC user is served
by a subset S ⊆ B of cooperating BSs. An eMBB user is
served by one of the BSs. A controller, which is connected
to all the BSs, determines S and the MCS m ∈ M, where
M = {1, 2, . . . ,M} is the set of MCSs, they use to transmit
the URLLC packet.

In the 5G physical layer, the system bandwidth is divided
into subcarriers in the frequency domain. A group of 12
subcarriers constitutes a physical resource block (PRB). A
PRB spans 14 OFDM symbols in time for an eMBB user and
2 OFDM symbols for a URLLC user. q adjacent PRBs are
grouped into a subband [6]. The transmission time interval
depends on the subcarrier bandwidth. For example, for a
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Fig. 1: System model consisting of multiple BSs, that serve a URLLC user
and the eMBB users. Red and blue boxes show subbands allocated to the
URLLC and eMBB data, respectively.

subcarrier bandwidth of 15 kHz, it is 1 ms for eMBB and
0.14 ms for URLLC.

A. Frequency-Selective Channel Model and Effective SNR

Let Hij denote the channel gain of subband i between the
jth BS and the URLLC user. It is a circularly symmetric
complex Gaussian RV. Therefore, the channel power gain
|Hij |2 is exponentially distributed with mean σ2

j , which is
function of the path-loss between the BS and the user. For
tractability, we assume that it is constant over a subband. The
fading powers |Hij |2, for 1 ≤ i ≤ N and 1 ≤ j ≤ K,
are statistically independent. This is justified since the BSs
are sufficiently far apart and when the subband bandwidth is
comparable to the coherence bandwidth of the channel.

The SNR γij for subband i from BS j is given by

γij =
PT |Hij |2

PT
∑
k∈B\S |Hik|2 + ω2

, (1)

where PT is the transmit power of a BS per subband, ω2 is the
additive white Gaussian noise (AWGN) power per subband.1

The BSs in the set B\S transmit to eMBB users and thereby
cause interference to the URLLC user. In JT, the SNR γSi for
subband i is equal to [5] γSi =

∑
j∈S γij .

In a frequency-selective channel, the URLLC data expe-
riences different SNRs on different subbands. However, as
mentioned, the 5G standard requires the same MCS to be
used on all the subbands assigned to a user. To systematically
evaluate the BLER of any MCS m, we use the effective
exponential SNR mapping (EESM), which has been widely
used in 3GPP system simulations [14]. For MCS m, EESM
maps the vector of SNRs γS1 , . . . , γ

S
Nm

to an effective SNR
ζSm, where Nm is the number of subbands required for the
MCS. ζSm is the equivalent SNR in a frequency-flat AWGN
channel that results in the same BLER. It is given by [15]

ζSm = −βm log

(
1

Nm

Nm∑
i=1

exp

(
− γ
S
i

βm

))
, (2)

1For ease of exposition, we do not distinguish between signal-to-
interference-plus-noise ratio and SNR.
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TABLE I: BLER curve-fit parameters for MCSs specified in 3GPP

MCS cm dm ϑm (dB)
QPSK, R = 78/1024 1.02 × 105 73.22 -8.20

QPSK, R = 120/1024 1.97 × 105 67.07 -6.10
QPSK, R = 173/1024 7.02 × 105 38.96 -4.61
QPSK, R = 308/1024 3.13 × 105 16.27 -1.01
QPSK, R = 449/1024 4.97 × 104 9.47 0.70
QPSK, R = 602/1024 5.22 × 105 7.42 2.48

16-QAM, R = 378/1024 4.50 × 104 3.40 4.97
16-QAM, R = 490/1024 4.65 × 104 2.19 6.90
16-QAM, R = 616/1024 5.34 × 104 1.46 8.71
64-QAM, R = 466/1024 1.56 × 104 0.90 10.30
64-QAM, R = 567/1024 8.77 × 103 0.54 12.36
64-QAM, R = 666/1024 4.09 × 103 0.29 14.44
64-QAM, R = 772/1024 1.86 × 103 0.12 17.94
64-QAM, R = 873/1024 91.55 0.04 20.06
64-QAM, R = 948/1024 30.10 0.02 21.90

where βm is an MCS-dependent constant. Its values are
tabulated in [16, Tbl. I].

B. BLER Model

BLER is the probability that the data is decoded correctly
by the user. Let BLERm(γ) denote the BLER of MCS m at
SNR γ. For the AWGN channel, it is accurately given by the
following truncated exponential function [17]:

BLERm(γ) =

{
1, 0 ≤ γ < ϑm,

cm exp (−dmγ) , γ ≥ ϑm,
(3)

where cm and dm are MCS-dependent constants and ϑm =
log(cm)/dm. Thus, in terms of the effective SNR, the BLER
for MCS m is given by BLERm(ζSm).

For the different MCSs, which are defined in terms of the
modulation scheme and code rate R and are specified in 3GPP
in [18, Table 7.2.3.1], Table I shows the curve-fit parameters
for a URLLC data payload of 32 bytes, which occupies two
OFDM symbols. The number of PRBs assigned depends on
the MCS [11]. The parameters are obtained by curve-fitting
BLER curves generated from bit-level simulations imple-
mented using Matlab’s 5G toolbox. The truncated exponential
function approximates the BLER up to three decimal places
for all MCSs.

III. WITH NEGLIGIBLE FEEDBACK DELAYS

Let Lm denote the eMBB throughput loss when m is the
MCS selected for the URLLC user. For an eMBB user, which
can be located anywhere in the cell, any of the M MCSs
is assumed to be used with equal probability. The eMBB
loss depends on the MCS m of the URLLC user because
it determines the number of eMBB PRBs that are punctured.
The problem of minimizing the eMBB throughput loss can
be mathematically stated as follows:

min
S⊆B
m∈M

{
|S|Lm

}
, (4)

s.t. BLERm
(
ζSm
)
≤ ε, (5)

where ε is the URLLC error target. Thus, the subset of
cooperating BSs S and the MCS m are jointly optimized.

We first analyze the existence of a feasible solution to this
problem. To do this, we analyze achievability, which is the
probability that at least one subset of cooperating BSs and an
MCS can meet the URLLC BLER target.

A. Achievability Analysis

Given the instantaneous channel gains, the URLLC error
constraint is satisfied if and only if the BLER when all the
BSs transmit with the lowest rate MCS 1 is at most ε. This is
because the BLER is larger when the set of BSs is smaller or
the BSs use a higher rate MCS. The achievability A is given
by

A = Pr
(
BLER1

(
ζB1
)
≤ ε
)
. (6)

Substituting the BLER formula in (3), we get A =
Pr
(
ζB1 ≥ θ

)
, where θ = log (c1/ε) /d1.

We now derive an expression for A that captures the effect
of various system parameters. Let

Ym =
1

Nm

Nm∑
i=1

exp

(
− γ
B
i

βm

)
, (7)

denote the term inside the logarithm in (2) with S = B.
Hence,

A = Pr
(
Y1 ≤ exp

(
−θβ−11

))
. (8)

Result 1: The achievability is given by

A = B
(
exp

(
−θβ−11

)
, a1, b1

)
, (9)

where B(., ., .) is the regularized incomplete beta func-
tion [19, (6.6.2)]. Here, the beta parameters a1 and b1 are
given in terms of the two moments of Y1 by

a1 =
(E [Y1])

2 − E [Y1]E
[
Y 2
1

]
E [Y 2

1 ]− (E [Y1])
2 , (10)

b1 =
(1− E [Y1]) a1

E [Y1]
. (11)

The two moments of Y1 are, in turn, given by

E [Y1] =
∏
j∈B

λjβ1
λjβ1 + 1

, (12)

E
[
Y 2
1

]
=

1

N1

∏
j∈B

λjβ1
λjβ1 + 2

+
(N1 − 1)

N1
(E [Y1])

2
, (13)

where λj = ω2/(PTσ
2
j ).

Proof: The derivation is given in Appendix A.

B. Multi-Connectivity MCS Selection Algorithm

In the optimization problem in (4), the number of possible
combinations of cooperating BS subsets and MCSs is (2|B|−
1)M . We now propose MCMSA to reduce the computational
complexity. Its pseudo-code is given in Algorithm 1. It is
based on the following simple idea. For the same SNR, an
increase in the MCS index leads to a higher BLER. Hence, if
MCS m cannot meet the BLER target, neither can MCS m+l,
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∀l > 0. Therefore, the BLER for these MCSs need not be
computed. We have observed that the number of computations
required by MCMSA is lower by a factor of 5 to 7 compared
to a brute-force approach depending on PT , ω2, M , and K.
In case no feasible solution is found, MCMSA selects the
lowest rate MCS 1 and the largest subset S = B.

Algorithm 1 MCMSA
1: Initialization Count = 0.
2: for every S⊆B do
3: for m = 1 : M do
4: If BLERm

(
ζSm

)
≤ ε

• Compute |S|Lm, increase Count by 1.
Else, if BLERm

(
ζSm

)
> ε

• Move to the next S.
5: end for
6: end for
7: Select S and m with the smallest sum eMBB throughput loss.
8: If Count = 0, select the lowest rate MCS 1 for all BSs.

IV. WITH NON-NEGLIGIBLE FEEDBACK DELAYS

The weights used by the BSs for MRT become partially
outdated as they are based on the feedback at time t while
transmission occurs at t + τ . We update the notation for the
channel gains and SNRs to also show the time indices. We
focus on S = B since the impact of feedback delays has not
been analyzed for this base case.

Let Qt denote the CSI fed back at time t. It is a matrix with
(i, j)th element Hij(t). Therefore, the MRT weight of BS j for
subband i is H∗ij(t)/wi(t), where wi(t) =

√∑
j∈B |Hij(t)|2.

Therefore, the SNR γBi (t+ τ) of subband i at time t+ τ is

γBi (t+ τ) =
PT

ω2(wi(t))2

∣∣∣∣∣∑
j∈B

H∗ij(t)Hij(t+ τ)

∣∣∣∣∣
2

. (14)

The effective SNR ζBm(t+ τ) of MCS m at time t+ τ is then

ζBm(t+ τ) = −βm log

(
1

Nm

Nm∑
i=1

exp

(
−γ
B
i (t+ τ)

βm

))
. (15)

.
Since the controller does not know the instantaneous SNRs

at time t + τ , it can no longer guarantee the instantaneous
BLER target in (5) for the URLLC user. We propose a
stochastic reliability constraint for URLLC, as per which the
probability that the instantaneous BLER is less than the target
value ε must be at least 1−∆. The value of ∆� 1 depends
on the application; a smaller ∆ implies a tighter reliability
constraint. For MCS m, the constraint can be stated as:

Pr
(
BLERm

(
ζBm(t+ τ)

)
≤ ε
Qt

)
≥ 1−∆. (16)

Hence, from (3), we get

Pr
(
ζBm(t+ τ) ≥ θm

Qt

)
≥ 1−∆, (17)

where θm = log (cm/ε) /dm. The challenge lies in com-
puting the conditional probability in (17). Along lines sim-
ilar to Section III-A, the term inside the logarithm in (15)

Y ′m = 1
Nm

∑Nm
i=1 exp

(
−γ

B
i (t+τ)
βm

)
conditioned on Qt can be

approximated with a beta RV and yields the following result.
Result 2: The conditional probability is given by

Pr
(
ζBm(t+ τ) ≥ θm

Qt

)
= B

(
e−

θm
βm , a′m, b

′
m

)
, (18)

where the beta parameters a′m and b′m are given in terms of
the moments of Y ′m conditioned on Qt by (10) and (11). And,
the conditional moments of Y ′m are given by

E
[
Y ′m

Qt

]
=

1

Nm

Nm∑
i=1

η
(1)
i , (19)

E
[
(Y ′m)

2
Qt

]
=

1

N2
m

Nm∑
i=1

η
(2)
i +

Nm∑
i=1

Nm∑
l=1,
l 6=i

η
(1)
i η

(1)
l

 ,

(20)

where η
(1)
i = βm

βm+2αi
exp

(
−δiαi
βm+2αi

)
, η

(2)
i =

βm
βm+4αi

exp
(
−2δiαi
βm+4αi

)
, αi = PT (1−ρ2(τ))

2ω2w2
i (t)

∑
j∈B σ

2
j |Hij(t)|2,

δi =
2ρ2(τ)w4

i (t)

(1−ρ2(τ))
∑
j∈B σ

2
j |Hij(t)|2

, and ρ(τ) is the correlation
coefficient between Hij(t) and Hij(t+ τ).

Proof: The proof is given in Appendix B.
The largest MCS m ∈ M that meets the above reliability

constraint is selected as it requires the least number of
resource elements and causes the smallest eMBB throughput
loss. This requires only O(M) computations of the above
formula.

V. NUMERICAL RESULTS

We consider a grid of size 300 m × 300 m. The four BSs
are located at the corners. The system bandwidth is 5 MHz,
q = 8 PRBs, noise figure is 10 dB, noise temperature is
300 K, carrier frequency is 4 GHz, and URLLC data size is 32
bytes [11]. For this payload, it can be verified that only MCSs
with rates greater than or equal to QPSK, R = 308/1024
can ensure that the URLLC payload fits within two OFDM
symbols for the given system bandwidth. There are eleven
such MCSs in Table I. For path-loss, we consider the urban
macro scenario [6]. We use the Jakes’ correlation model. The
results are averaged over 500 URLLC user location drops and
2000 fade realizations per each drop.

To determine the eMBB throughput loss for an MCS, we
proceed as follows. In a PRB, the resource elements across
two OFDM symbols in time and 12 subcarriers in frequency
are punctured. The simulations are done using Matlab’s 5G
toolbox. The increase in BLER is evaluated at the SNR at
which the eMBB user’s MCS has a BLER of 0.1, which is the
BLER target for eMBB in 4G/5G. This approach avoids the
inaccuracies in the analytical loss models considered in [7]–
[10]. Table II lists the eMBB throughput per PRB without
puncturing and the throughput loss per PRB after puncturing
for different MCSs. Each PRB is assigned to a different eMBB
user. As the MCS rate increases, the eMBB throughput loss
increases. For MCSs with rates greater than 64-QAM, R =
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TABLE II: eMBB throughput and throughput loss per PRB as a function of
the MCS used for transmitting eMBB data

MCS Throughput (kbps) Throughput loss (kbps)
QPSK, R = 78/1024 24 1.03

QPSK, R = 120/1024 32 1.25
QPSK, R = 193/1024 56 1.62
QPSK, R = 308/1024 96 4.51
QPSK, R = 449/1024 136 8.02
QPSK, R = 602/1024 192 15.74

16-QAM, R = 378/1024 240 18.24
16-QAM, R = 490/1024 320 26.88
16-QAM, R = 616/1024 408 40.80
64-QAM, R = 466/1024 456 42.00
64-QAM, R = 567/1024 552 60.72
64-QAM, R = 666/1024 640 83.20
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Fig. 2: Achievability as a function of URLLC error target ε.

666/1024, the BLER is close to 1. These are not shown to
conserve space.

A. With Negligible Feedback Delays

Fig. 2 plots the achievability averaged over different
URLLC user locations as a function of the error target ε
for two transmit powers. The achievability increases as ε
increases. This is because the SNR required to meet the
error target decreases. The achievability also increases as PT
increases because the SNR improves.

Fig. 3 benchmarks the total eMBB throughput loss of
MCSMA and the conventional approach, in which all the
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Fig. 3: Total eMBB throughput loss of MCMSA and conventional approach
as a function of the target BLER ε.
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Fig. 4: Total eMBB throughput loss as a function of the normalized feedback
delay fdτ (∆ = 0.05).
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Fig. 5: Effect of feedback delays on the probability of meeting error target.

K BSs cooperate. This is done for two values of PT . As ε
increases, the throughput loss decreases. This is because the
probability that the BSs use a higher rate MCS to transmit
the URLLC packet increases, which leads to fewer eMBB
resource elements being punctured. MCMSA has a markedly
lower throughput loss than the conventional approach.

B. With Non-Negligible Feedback Delays

Fig. 4 plots the total eMBB throughput loss as a function of
fdτ , where fd is the Doppler spread, for two error targets with
∆ = 0.05. The throughput loss increases as fdτ increases.
This is because a lower rate MCS is selected in order to
compensate for the fed back CSI becoming more outdated.

Fig. 5a shows a heat map representing the probability that
the instantaneous BLER is below ε, at different URLLC user
locations when the effect of feedback delays is ignored in the
selection of the MCS. At the corners of the grid, the user is
close to one of the BSs. Thus, the path-loss from the closest
BS is sufficiently small to ensure that the BLER is below ε
with high probability. However, closer to the grid’s center, the
path-loss increases and the SNR is more sensitive to multi-
path fading. This increases the odds that the BLER exceeds ε.
Fig. 5b shows the corresponding heat map when the MCS is
selected as per the approach proposed in Section IV, which
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accounts for the feedback delays. Now, the probability that
the instantaneous BLER is less than ε is markedly higher; it
is at least 93% throughout the grid for ∆ = 0.05.

VI. CONCLUSIONS

For downlink multi-connectivity based on JT, we character-
ized the probability that the URLLC error requirement could
be met given the user location. We proposed a low-complexity
algorithm MCMSA to jointly select the set of cooperating
BSs and their MCS to minimize the eMBB throughput loss
while meeting the URLLC error rate requirements. With non-
negligible feedback delays, we saw that the instantaneous
BLER requirement could not be satisfied. We proposed a
novel stochastic reliability constraint and derived expressions
for the conditional probability that the instantaneous BLER
was below the target given the fed back CSI. This enabled
selection of the MCS increased the probability of meeting
the BLER target across the grid of URLLC user locations.

APPENDIX

A. Proof of Result 1

From (7), Y1 is a sum of N1 positive RVs with a finite
support of [0, 1]. As per Papoulis’ central limit approxima-
tion [15], it can be approximated by a beta RV. The beta
distribution parameters a1 and b1 can written in terms of the
first two moments as per (10) and (11) [20, Ch. 25].

In terms of the beta probability distribution, (8) can be re-
cast as A =

(∫ exp(−θ/β1)

0
xa1−1(1− x)b1−1 dx

)
/B(a1, b1),

where B(., .) is the beta function [19, (6.2.1)]. This yields (9).
Next, we derive expressions for the moments of Y1. Clearly,

E [Y1] = 1
N1

∑N1

i=1 Ψ∑
j∈B γij

(
−β−11

)
. Since γij and γil are

independent, E [Y1] = 1
N1

∑N1

i=1

[∏
j∈B Ψγij (−β−11 )

]
. As γij

is an exponential RV with parameter λj , its MGF can be
shown to be Ψγij (s) =

λj
λj−s , for <{s} < λj . Here, <{.}

denotes the real part. Hence, Ψγij

(
−β−11

)
= λj/(λj +β−11 ).

Similarly,

E
[
Y 2
1

]
=

1

N2
1

N1∑
i=1

∏
j∈B

E
[
e−

2γij
β1

]

+
1

N2
1

N1∑
l=1

N1∑
i=1,
i6=l

∏
j∈B

E
[
e−

γij
β1

]∏
j∈B

E
[
e−

γlj
β1

] . (21)

As above, E
[
e−

2γij
β1

]
= λj/(λj + 2β−11 ). This yields (13).

B. Brief Proof of Result 2

We can show that
∣∣∣∑j∈BH

∗
ij(t)Hij(t+ τ)

∣∣∣ conditioned on
Qt is a Rician RV with non-centrality parameter ρ(τ)w2

i (t)

and scale parameter
√

1−ρ2(τ)
2

∑
j∈B σ

2
j |Hij(t)|2. Hence,

γBi (t + τ) conditioned on Qt is a weighted non-central chi-
square RV with weight αi and non-centrality parameter δi,
expressions for which are given in the result statement.

Recall that Y ′m = 1
Nm

∑Nm
i=1 exp

(
−γ

B
i (t+τ)
βm

)
. As in Ap-

pendix A, the moments of Y ′m can be expressed in terms of
the MGF of γBi (t + τ) conditioned on Qt. It is given by
ΨγB

i (t+τ)(s) = exp
(

δiαis
1−2αis

)
/(1− 2αis), for <{s} < 1

2αi
.

Conditioned on Qt, the beta parameters of Y ′m can then be
written in terms of its moments as per (10) and (11). As in
Appendix A, Pr

(
ζBm(t+ τ) ≥ θm

Qt

)
can then be written

in terms of the incomplete beta function to yield (18).
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