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Multi-Connectivity for URLLC and Coexistence
With eMBB in Time-Varying and

Frequency-Selective Fading Channels
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Abstract— Multi-connectivity enables a 5G cellular system
to meet the challenging reliability requirements of downlink
ultra-reliable low-latency communication (URLLC) data traffic.
In it, multiple base stations (BSs) transmit to the URLLC user
by pre-empting time-frequency resources assigned to enhanced
mobile broadband (eMBB) users. We derive insightful expres-
sions for achievability, which is the probability that the URLLC
user’s block error rate (BLER) requirement is met by multi-
connectivity. We do so for both joint transmission (JT) and
orthogonal transmission (OT) modes of URLLC for the general
case in which the transmissions occur over frequency-selective
channels. We then propose a low-complexity algorithm to jointly
select the set of cooperating BSs and their modulation and
coding schemes (MCSs) to minimize the eMBB throughput loss.
For time-varying channels with feedback delays, we present an
alternate stochastic reliability requirement for URLLC traffic.
The MCS selected on the basis of this requirement has a markedly
higher probability of meeting the BLER target over the grid
of URLLC user locations. Our results highlight the different
trade-offs between URLLC achievability, eMBB throughput loss,
and channel state information feedback overhead of OT and JT.
They bring out the significant impact of feedback delays even at
moderate Doppler spreads.

Index Terms— URLLC, multi-connectivity, reliability, 5G,
modulation and coding, feedback, time-varying.

I. INTRODUCTION

5G SERVES a diverse set of use cases, namely, enhanced
mobile broadband (eMBB), massive machine-type com-

munications (mMTC), and ultra-reliable low-latency commu-
nications (URLLC) [2, Ch. 1]. eMBB offers high data rates
for services such as 8K streaming, mMTC enables a large
number of devices to be connected, and URLLC enables
new applications such as factory automation, telesurgery, and
autonomous driving.

URLLC stands out because of its unique and challenging
requirements, which include block error rates (BLERs) as low
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as 10−6 and latencies as small as 1 ms [3]. New techniques and
designs are essential for satisfying these critical requirements.
To reduce latency, the slot duration for the URLLC data
is reduced to two or more orthogonal frequency division
multiplexing (OFDM) symbols. The base station (BS), which
is referred to as eNB in 4G and gNB in 5G, immediately trans-
mits by pre-empting or superposing a part of the eMBB data or
stopping the eMBB transmission altogether. It also transmits
a pre-emption indicator on the control channel to inform the
eMBB user about the resource elements affected [2, Ch. 10].

Multi-connectivity is a technique to improve reliability.
In the downlink, multiple BSs transmit data to the URLLC
user. Its architectures include load balancing, packet duplica-
tion, and packet splitting [4]. We focus on packet duplica-
tion and the downlink, in which the BSs transmit the same
information to improve reliability. The cooperating BSs can
do so using either orthogonal transmission (OT) or joint
transmission (JT) [5]. In OT, the BSs transmit on orthogonal
frequency resources and can use different modulation and
coding schemes (MCSs). The transmission is successful if the
URLLC user decodes at least one of these transmissions. In JT,
the BSs transmit on the same time and frequency resources
using a common MCS and employ maximal ratio transmission
(MRT). As a result, the signal-to-noise ratio (SNR), which is
the sum of individual SNRs from the different BSs, improves.

The versatile 5G standard allows multi-connectivity to be
implemented in the stand-alone mode, in which gNBs coop-
erate, or in the non-stand-alone mode, in which eNBs and
gNBs cooperate. Coordinated multi-point (CoMP), which has
been adopted in earlier releases of 3GPP, is a version of multi-
connectivity [6]. Another version is dual connectivity, which
was standardized in Release 16. In it, the traffic is duplicated at
the packet data convergence protocol (PDCP) layer [7]. Multi-
connectivity is also compatible with the open radio access net-
work’s (O-RAN) disaggregated Split 7.x architecture, in which
the medium access control (MAC) and physical layer tasks
are split across the centralized unit (CU), distributed unit
(DU), and radio unit (RU). The RU carries out only physical
layer and radio-frequency tasks, while the DU and CU do
the rest [4]. Layers above and including the MAC layer are
common to all the links. We note that multi-connectivity can
be implemented in other splits as well.

A. Related Literature on Multi-Connectivity for Downlink

In [3], the trade-off between reliability and latency for
URLLC and the principles for building access protocols
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are studied. The outage probability and throughput of
multi-connectivity are characterized in [8]. Also studied are
various combining algorithms at the receiver. In [9], tools
required to address issues related to tail, risk, and scale of
URLLC are discussed. A link management scheme based
on multi-connectivity and OT that optimizes the number
of links to be connected to the URLLC user is proposed
in [10]. In [11], outage probability reduction and the increase
in resource usage due to multi-connectivity are studied.
In [5], a stable-matching algorithm that matches the available
resources to multiple URLLC users is proposed, and single
connectivity is compared with JT and a variant of OT. The
effect of shadowing on inter-frequency and intra-frequency
multi-connectivity is studied in [12].

In [13], different options for pre-empting the resources
assigned to the eMBB users are studied. In [14], scheduling
based on linear, convex, and threshold throughput loss models
for eMBB-URLLC traffic is studied. In [15], deep learn-
ing techniques are used to allocate resources to eMBB and
URLLC traffic. In [16] and [17], URLLC-eMBB scheduling
and resource management to maximize the eMBB throughput
are studied. In [18], a scheduling scheme to place URLLC
data on eMBB resources that predicts the pre-empted eMBB
user’s decoding probability is proposed. In [19], resources are
allocated to the URLLC data taking into consideration the
increase in the error probability of the eMBB transmissions.

B. Fundamental System Design Issues and Our Contributions

Several system design challenges, which are common to
JT and OT, need to be addressed while designing multi-
connectivity. First, despite the tight error requirement, a BS
cannot conservatively choose the lowest rate MCS for URLLC
users because this leads to an excessive number of eMBB
resource elements being pre-empted. Therefore, the subset
of BSs that transmit the URLLC packet and the MCSs
they employ must be jointly chosen to minimize the eMBB
throughput loss. Second, in 5G, the same MCS must be used
by the BS on all the subbands on which it transmits to a
URLLC user. This is mandated in order to limit downlink
control channel overhead [2, Ch. 10]. This leads to the chal-
lenging problem of choosing one MCS in frequency-selective
fading despite the SNRs of different subbands being different.

Third, choosing the MCS to transmit to the URLLC user as
soon as its packet arrives at the BSs requires the availability of
timely channel state information (CSI) at the BSs. However,
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, the CSI can
now be partially outdated by the time it is used for trans-
mission. Lastly, in time-varying, frequency-selective channels
with non-negligible feedback delays, the BSs cannot know
the instantaneous SNRs at the time of transmission. Thus,
an instantaneous BLER target, which has been assumed widely
in the URLLC literature, cannot be met.

Contributions: We present a comprehensive treatment of
multi-connectivity for URLLC that addresses the above issues.
We consider both OT and JT, and time-varying channels with
negligible and non-negligible feedback delays.

• We formulate the optimization problem of jointly select-
ing the subset of BSs that cooperate and their MCSs
to minimize the sum throughput loss of the eMBB
users while satisfying the URLLC reliability constraint.
We derive an expression for achievability, which is the
probability that the above problem has a feasible solution,
i.e., the URLLC constraint can be satisfied by at least one
choice of the subset of BSs and their MCSs. We do so
for both OT and JT. Achievability is a fundamental and
a more fine-grained performance metric than coverage
or outage probability to assess the suitability of a given
deployment of BSs for supporting URLLC. We propose
a low-complexity multi-connectivity MCS selection algo-
rithm (MCMSA) that solves the above problem with
fewer computations than exhaustive search. It does so by
eliminating several possibilities without incurring a loss
in optimality.

• For a system with non-negligible feedback delays,
we propose an alternate stochastic reliability constraint.
It requires the probability of the BLER being below a
target value, given the CSI fed back, to be more than
a threshold. We present a novel analytically tractable
expression for this conditional probability. It leads to a
higher probability of meeting the BLER target than the
conventional approach that ignores feedback delays.

• For the many possible design choices, we evaluate and
compare URLLC achievability and eMBB sum through-
put loss. Our numerical results show that JT outperforms
OT in both respects, but requires more CSI feedback. Our
results bring out the trade-off between achievability and
throughput loss, and the significant impact of feedback
delays even at moderate Doppler spreads.

Comparison With Literature: Our work differs from the
literature in multiple respects. This is summarized concisely in
Table I. First, we do not assume a linear loss model, in which
the eMBB throughput loss is assumed to be directly propor-
tional to the number of pre-empted resources [15], [17], [19],
[21]. This model does not take into account the non-linear and
not necessarily convex increase in the error rates when more
resource elements are pre-empted. In [13], the throughput
loss is calculated using the mean mutual information per bit.
Instead, we adopt a simulation-driven approach to accurately
tabulate the throughput loss as a function of the MCS.

Second, in [5], [10], [14], [21], and [19], the SNRs between
the BSs and the user are assumed to be all known. Our
approach avoids this assumption, which requires excessive
feedback, for OT. For any choice of MCSs and any subset of
the cooperating BSs, it employs a BLER inference approach
that enables the BLER to be determined from the conventional
single link 4-bit CSI fed back to each BS. While quantized
feedback is considered in [13] and [18], the focus is on single-
connectivity.

Third, eMBB-URLLC co-existence is not considered in [7],
[10], an [5]. Fourth, we consider discrete rate adaptation,
which is used in practice. This requires a different problem for-
mulation and analysis than the idealized continuous adaptation
approaches pursued in [5], [11], [14], [15], [19], [20], and [21]
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TABLE I

COMPARISON OF LITERATURE ON EMBB-URLLC RESOURCE ALLOCATION AND MULTI-CONNECTIVITY

that use the Shannon capacity formula or the finite block
length capacity formula. Fifth, only flat fading is considered
in [5], [14], [19], and [15]. To the best of our knowledge, the
requirement of the MCS being the same for all the subbands
used for transmission or the effect of feedback delays has not
been addressed. We also note that issues related to eMBB-
URLLC co-existence did not arise in the earlier studies on
CoMP [6].

C. Outline

Section II describes the system model. Section III presents
the achievability analysis and MCS selection algorithm when
the feedback delays are negligible. Section IV extends the
formulation to the case where the feedback delays are not
negligible. Section V presents our numerical results. Our
conclusions follow in Section VI.

Notation: The probability of an event A is denoted by
Pr (A). The probability density function (PDF) and cumulative
distribution function (CDF) of a random variable (RV) X are
denoted by fX(.) and FX(.), respectively. The conditional
probability of A given B is denoted by Pr (A | B). The
conditional PDF and the conditional CDF of an RV X given Y
are denoted by fX|Y (.) and FX|Y (.), respectively. Expectation
is denoted by E [.], and expectation conditioned on Y is
denoted by E [. | Y ]. The real part is denoted by �{.}. The
moment generating function (MGF) of an RV X is denoted
by ΨX(s); it equals E [exp(sX)]. Vectors and matrices are
denoted in bold font. |S| denotes the cardinality of a set S.

II. SYSTEM MODEL

In the 5G physical layer, the system bandwidth is divided
into subcarriers in the frequency domain. A group of 12 sub-
carriers constitutes a physical resource block (PRB). A PRB
spans 14 OFDM symbols in time for the eMBB user and
only 2 OFDM symbols for the URLLC user due to its low
latency requirement. q adjacent PRBs are grouped into a
subband, where q depends on the system bandwidth. The
total number of subbands is N . The transmission time interval
(TTI) for eMBB data depends on the subcarrier bandwidth. For
example, it is 1 ms when the subcarrier bandwidth is 15 kHz.

Fig. 1. System model consisting of multiple BSs, that serve a URLLC user
and the eMBB users. The red colored boxes represent the subbands allocated
to the URLLC user at a BS for JT and OT.

We consider a set B = {1, 2, . . . , K} of K BSs that serve
eMBB users and a URLLC user. A controller that is connected
to all the BSs determines which subset S of BSs serve the
URLLC user and their MCSs. In 5G, the master gNB can
itself serve as the controller. A BS can use a maximum of R
subbands to serve the URLLC user, where R depends upon
the bandwidth and K . The MCSs are chosen from the set
M = {1, 2, . . . , M}; the MCSs are indexed in the increasing
order of their rate.1 Since the URLLC transmission occurs
over a minislot for all MCSs, the latency does not depend
on the choice of the MCS. Due to pre-emption, the latency,
which includes the time required to schedule the minislot and
its transmission duration, is a fraction of a slot.

A. Channel Model

We first describe the model and notation for the scenario
where the feedback delays are small relative to the coherence
time of the channel. Let Hij denote the gain of subband i
between the jth BS and the URLLC user. It is a circularly sym-
metric complex Gaussian RV, which models Rayleigh fading.
Therefore, the fading power |Hij |2 is exponentially distributed

1M only includes the MCSs that can carry the URLLC payload in at most
R subbands.
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with mean σ2
j . For tractability, we assume that it is constant

over a subband and |Hij |2, for 1 ≤ i ≤ N and 1 ≤ j ≤ K , are
statistically identical and independent. This is justified when
the BSs are sufficiently far apart and the subband and channel
coherence bandwidths are comparable [23, Ch. 3], [24]. Let
Ij denote the set of interfering BSs for BS j.

B. Transmission Modes: JT and OT

1) OT: In it, the BSs in S transmit the URLLC packet
on different subbands with the same or different MCSs.
In general, let Dj denote the set of subbands assigned for
URLLC at BS j.

For the URLLC user, the SNR Γij of subband i due to a
transmission by BS j ∈ S is2

Γij =
PT |Hij |2

PT

∑
p∈Ij
|Hip|2 + ω2

, (1)

where PT is the transmit power of a BS per subband and ω2

is the noise power per subband. When |S| increases, the SNR
increases and the BLER decreases, but more eMBB resources
are pre-empted. Hence, S needs to be optimized.

Interference Settings: There are two possible settings for
Ij . In the high interference setting, Ij = B \ {j}, ∀j ∈ S.
Here, all the remaining BSs (including those in S) continue
to transmit to eMBB users on the subband that BS j uses to
transmit to the URLLC user. In the low interference setting,
Ij = ∅, ∀j ∈ S. Here, no other BS transmits to eMBB users
on the subband that BS j uses to transmit to the URLLC user.

For example, let B = {1, 2, 3, 4}, S = {1, 2}, and R = 1,
with BSs 1 and 2 transmitting the URLLC packet on subbands
1 and 2, respectively. In the high interference setting, BSs 1, 3,
and 4 transmit to their respective eMBB users on subband 2,
and BSs 2, 3, and 4 do the same on subband 1. On the other
hand, in the low interference setting, BS 1 does not transmit
on subband 2, BS 2 does not transmit on subband 1, and BSs
3 and 4 do not transmit to the eMBB users on both subbands
during the TTI of the URLLC user. eMBB transmission is
pre-empted on a total of 2 subbands across the 4 BSs in
the high interference setting, and on 8 subbands in the low
interference setting.

2) JT: In JT, the BSs in S transmit the URLLC packet on
the same resource elements with the same MCS. In MRT,
BS i transmits the signal on subband j using the weight
wij = H∗

ij/
√∑

p∈S |Hip|2. The SNR on subband i is equal

to
∑

j∈S Γij , where Γij is given in (1).
Similar to OT, there are two possible interference settings.

In the high interference setting, Ij = B \ S, ∀j ∈ S. Here,
all BSs not in S transmit to eMBB users on the subband
that BS j uses to transmit to the URLLC user. In the low
interference setting, Ij = ∅, ∀j ∈ S. Since all the BSs use
the same resource elements, it is easy to see that S ⊂ B
wastes resources without improving the URLLC user’s BLER.
We shall, therefore, set S = B for the second setting.

2For ease of exposition, we do not distinguish between signal-to-
interference-plus-noise ratio and SNR.

TABLE II

CURVE-FIT PARAMETERS FOR SEVERAL MCSS IN [26, TABLE 5.1.3.1-1]
(32 bytes PAYLOAD)

C. BLER Model

Let BLERm(γ) denote the BLER of MCS m ∈ M at
SNR γ. It can be accurately approximated by the following
truncated exponential function [25]:

BLERm(γ) =

{
1, 0 < γ ≤ λm,

cm exp (−dmγ) , γ > λm,
(2)

where cm > 0 and dm > 0 are MCS-dependent parame-
ters and λm = log(cm)/dm. Table II shows the curve-fit
parameters for several MCSs in [26, Table 5.1.3.1-1]. The
MCSs are defined in terms of the modulation and code rate
r. The truncated exponential function accurately approximates
the BLER over a three order of magnitude range from 1 to
10−3 for all the MCSs.

D. CSI Feedback and URLLC BLER Computation

OT and JT markedly differ in the CSI that needs to be fed
back and the resultant BLER.

1) OT: Let Tmj (εs) denote the SNR threshold at which the
BLER of a single link from the BS to the user that uses MCS
mj is equal to εs. The URLLC user feeds back to BS j ∈ B
the MCS index mj for subband i, when mj is the highest
rate MCS for which Tmj (εs) ≤ Γij . Note that the BLER with
multi-connectivity will be different from εs since it depends
on S. The controller determines the BLER for any S using
the following inference approach.

Consider first the high interference setting. Let the CSI
fed back to the jth BS for the ith subband be the MCS
index qij . The SNR due to a transmission by the jth BS
on the ith subband is conservatively taken to be the lower
threshold Tqij (εs). The URLLC packet experiences 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 in order to limit the control
channel overhead. To systematically evaluate the BLER of
any MCS, we employ exponential effective SNR mapping
(EESM), which has been extensively used in 3GPP system
simulations [27], [28]. It maps the vector of SNRs Γij , ∀i ∈
Dj , into a single effective SNR γ

(j)
mj , which is the equivalent
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SNR in a frequency-flat channel that results in the same BLER
for MCS mj . It is given by

γ(j)
mj

= −βmj log

⎛
⎝ 1

Nmj

∑
i∈Dj

exp
(
−Γij

βmj

)⎞⎠, (3)

where Nmj = |Dj | ≤ R is the number of subbands allocated
by a BS to transmit the URLLC packet with MCS mj and βmj

is an MCS-dependent constant. Its values are available in [29].
These are found using bit-level calibrations and need to be
determined only once. We set Γij = Tqij (ε) conservatively.

The BLER is then given by
∏

j∈S BLERmj

(
γ

(j)
mj

)
.

For the low interference setting, the corresponding approach
remains the same except that qij is generated using mea-
surements made when no BS other than i is transmitting on
subband j.3 With 4 bits required per subband per BS, the
feedback overhead of OT is 4KR bits.

2) JT: Since JT uses MRT, the controller needs to know
the channel gains Hij , ∀j ∈ B and 1 ≤ i ≤ N . In the
high interference setting, the SNR of the URLLC packet
on subband i is

∑
j∈S Γij . Without loss of generality, let

subbands 1, . . . , Nm be assigned for URLLC at each BS.
Hence, the effective SNR γS

m over Nm subbands of a common
MCS m is

γS
m = −βm log

(
1

Nm

Nm∑
i=1

exp
(−∑j∈S Γij

βm

))
, (4)

and the BLER is cm exp
(
−dmγS

m

)
. In the low interference

setting with S = B, the SNR on subband i is
∑

j∈B Γij ,
where Γij is the SNR when no other BS is transmitting. The
effective SNR γB

m of MCS m is given by (4) and the BLER
is cm exp

(
−dmγB

m

)
. Assuming that 6 bits per subband per

BS are required to feed back the amplitude and phase of
the complex MRT weights, the feedback overhead of JT is
6KR bits.

The interference settings, BLER expressions, and CSI fed
back for OT and JT are summarized in Table III.

III. WITH NEGLIGIBLE FEEDBACK DELAYS

At the jth BS, let Lmj denote the average eMBB throughput
loss when it uses MCS mj to transmit the URLLC data
payload over Nmj subbands. It is determined using bit-level
simulations. As the MCS index increases, the number of
resource elements required to transmit a given URLLC data
payload decreases and so does the eMBB throughput loss.4

In OT, the total eMBB throughput loss across all BSs is
K
∑

j∈S Lmj for the low interference setting and
∑

j∈S Lmj

for the high interference setting. For JT, all the cooperating
BSs use the same MCS m and resource elements. Therefore,
the above loss changes to KLm and |S|Lm for the low and
high interference settings, respectively.

The problem of minimizing the eMBB throughput loss
subject to the URLLC error requirements can be stated as

3In practice, these can be estimated using the downlink reference signals of
the BSs.

4Section V presents a numerical example of this.

follows. Its form depends on whether OT or JT is used and the
interference setting. For OT and the high interference setting,
the problem can be stated as

min
S⊆B

mj∈M

⎧⎨
⎩
∑
j∈S

Lmj

⎫⎬
⎭ , (5)

s.t.
∏
j∈S

BLERmj

(
γ(j)

mj

)
≤ ε. (6)

For the low interference setting,
∑

j∈S Lmj is replaced with
K
∑

j∈S Lmj in the objective function. Similarly for JT and
high interference setting, the problem can be stated as

min
S⊆B

m∈M
{|S|Lm} , (7)

s.t. BLERm

(
γS

m

)
≤ ε, (8)

where γS
m is defined in Section II-D.2. For the low interference

setting, since S = B, only the MCS needs to be determined.

A. Achievability Analysis

We first evaluate the existence of a feasible solution to the
above problem. To do this, we analyze achievability, which is
the probability that at least one subset of cooperating BSs
and MCSs can meet the URLLC BLER target. Intuitively,
the target may not be met when the links from all the BSs
to the user are in a deep fade. One option to overcome this
issue is to use retransmissions. However, this increases latency.
Therefore, the cellular operator should strive to ensure a high
achievability over the set of all locations of the URLLC user.

It is clear that the system satisfies the URLLC error con-
straint if and only if the BLER when all the K BSs cooperate
(i.e., S = B) and transmit with the lowest rate MCS 1 is at
most ε. This is because the BLER increases when S is smaller
or any BS uses a higher rate MCS.

1) OT: In terms of effective SNR, the achievability A is
given by

A = Pr

⎛
⎝∏

j∈B
BLER1

(
γ

(j)
1

)
≤ ε

⎞
⎠ . (9)

The following result presents a tractable lower bound for it.
Result 1: The achievability of OT is lower bounded by

A ≥
∑
V⊆B

(∏
j∈V

B
(
e
−λ1

β1 , a
(j)
1 , b

(j)
1

)

−
∏
j∈V

[
B
(
e
−λ1

β1 , a
(j)
1 , b

(j)
1

)

−B

(
e
− |V| log(c1)−log(ε)−(|V|−1)d1λ1

d1β1 , a
(j)
1 , b

(j)
1

)])

×
∏

j∈B\V

[
1−B

(
e
−λ1

β1 , a
(j)
1 , b

(j)
1

)]
, (10)

where B(., ., .) is the regularized incomplete Beta function [30,
(6.6.2)] and λ1 is defined in Section II-C. Here, a

(j)
1 and b

(j)
1

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on October 19,2023 at 05:47:22 UTC from IEEE Xplore.  Restrictions apply. 



3604 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 22, NO. 6, JUNE 2023

TABLE III

INTERFERENCE SETTINGS, BLER EXPRESSIONS, AND CSI REQUIREMENTS OF OT AND JT

are given by

a
(j)
1 =

gj

[
gjN1 − sj − (N1 − 1) g2

j

]
sj − g2

j

, (11)

b
(j)
1 =

(1− gj)a
(j)
1

gj
, (12)

where gj = ω2β1/(ω2β1 + PT σ2
j ) and sj = ω2β1/(ω2β1 +

2PT σ2
j ).

Proof: The proof is given in Appendix A.
2) JT: The following is the corresponding result on achiev-

ability for JT.
Result 2: The achievability of JT is given by

A = B
((

c1ε
−1
) 1

d1β1 , aB
1 , bB1

)
, (13)

where aB
1 and bB1 are obtained from (11) and (12) by replacing

gj with
∏

j∈B gj and sj with
∏

j∈B sj .
Proof: The proof is given in Appendix B.

B. MCMSA

1) OT: In (5), since there are K BSs and M MCSs, MK

choices of subsets and MCSs exist and require MK BLER
computations. Thus, the complexity increases exponentially in
the number of BSs. We present a simple algorithm MCMSA
below. The steps are similar for the two interference settings.
It uses the following lemma to significantly reduce the number
of computations without any loss in optimality.

Lemma 1: a) Let m∗
j be the highest rate MCS at BS j

whose BLER is less than or equal to ε. Then, BS j will never
use an MCS with a lower rate than m∗

j .
b) If the MCS vector (mj , j ∈ S) cannot meet the BLER

target, then the MCS vector (mj + νj , j ∈ S), where νj ≥ 0,
∀j ∈ S, also cannot meet the error target.

Proof: The proof is given in Appendix C.
Given S, from Lemma 1, it is sufficient to only look at MCS

vectors of the form (m∗
j +νj, ∀j ∈ S), where νj ≥ 0, ∀j ∈ S.

For a given MCS vector m = (mj , ∀j ∈ S), MCMSA then
computes the BLER for it as per Section II-D. If the BLER
is less than or equal to ε, then the MCS vector is a feasible
solution. In case it is not feasible, then the search space can
be reduced using Lemma 1 because all MCS vectors of the
form (mj + zj, ∀j ∈ S), where zj ≥ 0, are also not feasible.
MCMSA does this for every set S ⊆ B. For each feasible
vector, it also computes the eMBB sum throughput loss, and
selects the one with the smallest loss. When no feasible choice
of MCSs exists for any S ⊆ B, the controller transmits the
URLLC packet from all the BSs with the lowest rate MCS 1.

The pseudo-code of MCMSA is given in Algorithm 1.

Algorithm 1 MCMSA
1: Initialization Count = 0
2: for every S ⊆ B do
3: T =

{
(m�

j + νj , ∀νj ≥ 0, j ∈ S)
}

4: while T 
= ∅ do
5: Draw m = (mj , j ∈ S) ∈ T
6: if

∏
j∈S cmj exp

(
−dmj γ

(j)
mj

)
≤ ε then

7: Compute
∑

j∈S Lmj , Count← Count+ 1
8: else
9: Remove all vectors of the form m� = (mj+zj, ∀zj ≥

0, j ∈ S) from T
10: end if
11: end while
12: end for
13: Select the set of BSs and their MCSs with the smallest

sum throughput loss.
14: If Count = 0, set S = B and select MCS 1 for all BSs.

2) JT: As above, we consider the low and high interference
settings separately.

• High Interference Setting: The optimization problem
in (7) requires

(
2K − 1

)
M possibilities to be examined.

• Low Interference Setting: Since all K BSs transmit with
the same MCS, the number of possibilities is M .

We see that the complexity is lower for JT because the
same MCS is used by all the BSs in S. As in OT, the search
complexity can be reduced significantly.

IV. MCS SELECTION WITH NON-NEGLIGIBLE FEEDBACK

DELAYS

Let t1 denote the time at which the CSI report is generated
and t2 = t1 + τ be the packet transmission time. The MCSs
and the cooperating BSs set that are selected become partially
outdated because they are based on the CSI feedback at time
t1, while transmission occurs at time t2. In the discussion
that follows, we update the notation for the channel gains and
SNRs to also show the time indices. As per the Jakes’ model,
Hij(t1) and Hij(t2) are jointly Gaussian with correlation
coefficient ρ(τ) = J0(2πfdτ), where J0(.) is the zeroth-order
Bessel function of the first kind and fd is the Doppler
spread [31, Ch. 3]. For tractability, we focus on the low
interference setting. The high interference setting, which has
a lower achievability, is intractable due to the interference
term in the denominator of the SNR expression in (1).

The instantaneous BLER constraint in (6) cannot be satisfied
as the BSs do not know the SNRs at the time of transmission.
In the following, 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−Δ. The
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value of Δ� 1 depends on the application; smaller values of
Δ and ε imply a tighter reliability constraint.

A. OT

Let Qt1 be the CSI fed back at time t1. It is a matrix whose
(i, j)th element qij represents the MCS index fed back for the
ith subband at the jth BS at time t1. Therefore, Tqij (εs) ≤
Γij(t1) < Tqij+1 (εs).

Let γ
(j)
mj (t2) denote the effective SNR of MCS mj at time

t2 due to a transmission by the jth BS. It is given by

γ(j)
mj

(t2) = −βmj log

⎛
⎝ 1

Nmj

∑
i∈Dj

exp
(
−Γij(t2)

βmj

)⎞⎠. (14)

The stochastic reliability constraint can be stated as

Pr

⎛
⎝∏

j∈S
BLERmj

(
γ(j)

mj
(t2)

)
≤ ε|Qt1

⎞
⎠ ≥ 1−Δ. (15)

Result 3: The conditional probability in (15) is lower
bounded as follows:

Pr

⎛
⎝∏

j∈S
BLERmj

(
γ(j)

mj
(t2)

)
≤ ε|Qt1

⎞
⎠

≥
∑
V⊆S

⎛
⎝
⎡
⎣∏

j∈V

(
1− F

γ
(j)
mj

(t2)|Qt1

(
λmj

))⎤⎦

−
∏
j∈V

[
F

γ
(j)
mj

(t2)|Qt1

(
θV − ζj

dmj

)
− F

γ
(j)
mj

(t2)|Qt1

(
λmj

)]⎞⎠

×

⎡
⎣ ∏

j∈S\V
F

γ
(j)
mj

(t2)|Qt1

(
λmj

)⎤⎦ , (16)

where F
γ
(j)
mj

(t2)|Qt1
(.) denotes the CDF of γ

(j)
mj (t2) con-

ditioned on Qt1 , ζj =
∑

k∈V,
k �=j

dmk
λmk

, and θV =

log
(
ε−1

∏
j∈V cmj

)
.

Proof: The proof is given in Appendix D.
The last step is to derive an expression for F

γ
(j)
mj

(t2)|Qt1
(.).

Result 4: The conditional CDF F
γ
(j)
mj

(t2)|Qt1
(.) is given by

F
γ
(j)
mj

(t2)|Qt1
(x)=B

(
e
− x

βmj , amj , bmj

)
, for x ≥ 0, (17)

where the beta parameters amj and bmj are given by

amj =

∑
i∈Dj

gij∑
i∈Dj

sij −
∑

i∈Dj
g2

ij

⎡
⎣
⎛
⎝∑

i∈Dj

gij

⎞
⎠

− 1
Nmj

⎛
⎝∑

i∈Dj

sij −
∑
i∈Dj

∑
l∈Dj ,l �=i

gijglj

⎞
⎠
⎤
⎦ , (18)

bmj =

(
Nmj −

∑
i∈Dj

gij

)
∑

i∈Dj
gij

amj . (19)

Here, gij = (βmj /(βmj + 2αj)) exp
(
−δijαj/(βmj + 2αj)

)
,

sij = (βmj /(βmj +4αj)) exp
(
−2δijαj/(βmj + 4αj)

)
, αj =

dmj PT (1−ρ2(τ))σ2
j /(2ω2), and δij = 2ρ2(τ)|Hij(t1)|2/(1−

ρ2(τ)).
Proof: The proof is given in Appendix E.

MCS Selection: The MCMSA algorithm remains the same
as that in Section III-B.1, except that a feasible MCS vector
must satisfy the stochastic constraint in (15). For the stochastic
constraint, we use its lower bound due to its tractability. If the
lower bound exceeds 1−Δ, then (15) is satisfied.

B. JT

In JT, the weights used for MRT by the BSs become
partially outdated by the time of transmission. The CSI Qt1

fed back at time t1 is a matrix with (i, j)th element Hij(t1).
The MRT weight of BS j for subband i is H∗

ij(t1)/wi(t1),

where wi(t1) =
√∑

j∈B |Hij(t1)|2. Therefore, the SNR

ΓB
i (t2) of subband i at time t2 is

ΓB
i (t2) =

PT

ω2(wi(t1))2

∣∣∣∣∣
∑
j∈B

H∗
ij(t1)Hij(t2)

∣∣∣∣∣
2

. (20)

The effective SNR γB
m(t2) of MCS m at time t2 is then equal

to −βm log (Y �
m), where

Y �
m =

1
Nm

Nm∑
i=1

exp
(
−ΓB

i (t2)
βm

)
. (21)

The stochastic reliability constraint for MCS m is then given
by

Pr
(
BLERm

(
γB

m(t2)
)
≤ ε | Qt1

)
≥ 1−Δ. (22)

Result 5: The conditional probability in (22) is given by

Pr
(
BLERm

(
γB

m(t2)
)
≤ ε | Qt1

)
= B

((
cmε−1

) 1
dmβm , a�

m, b�m
)

. (23)

The beta parameters a�
m and b�m are given by

a�
m =

(∑Nm

i=1 g�i
)

∑Nm

i=1 s�i −
∑Nm

i=1 (g�l)
2

[(
Nm∑
i=1

g�i

)

− 1
Nm

⎛
⎝Nm∑

i=1

s�i +
Nm∑
i=1

Nm∑
l=1,l �=i

g�ig
�
l

⎞
⎠
⎤
⎦ , (24)

b�m =

(
Nm −

∑Nm

i=1 g�i
)

a�
m∑Nm

i=1 g�i
, (25)

where g�i = (βm/(βm + 2α�
i)) exp (−δ�iα

�
i/(βm + 2α�

i)),
s�i = (βm/(βm + 4α�

i)) exp (−2δ�iα
�
i/(βm + 4α�

i)), δ�i =
2ρ2(τ)(wi(t1))4/

(
(1 − ρ2(τ))

∑
j∈B σ2

j |Hij(t1)|2
)

, and

α�
i = PT (1− ρ2(τ))

(∑
j∈B σ2

j |Hij(t1)|2
)

/(2ω2(wi(t1))2).
Proof: The proof is given in Appendix F.

MCS Selection: The highest rate MCS that satisfies the
stochastic constraint in (22) is selected at the time of trans-
mission as it requires the least resources. This requires only
M computations.
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TABLE IV

EMBB THROUGHPUT LOSS PER PRB Lm (IN Mbps) AS A FUNCTION OF
THE URLLC MCS INDEX m

The above approaches can also be extended to account for
multiple antennas at the transmitter or receiver. However, the
statistics of the subband SNR are different [24].

V. NUMERICAL RESULTS AND BENCHMARKING

We now present Monte Carlo simulations to evaluate the
URLLC achievability and the eMBB throughput loss. We con-
sider a square grid of size 300 m × 300 m with four BSs that
are located at the grid’s corners. The noise power spectral
density is −174 dBm/Hz, noise figure is 10 dB, system
bandwidth is 20 MHz, and each subband consists of q = 2
PRBs. The URLLC data payload is 32 bytes [13] and R = 4.
We set εs = 0.1 and use the urban macro scenario’s pathloss
model [32].5 Each PRB is assigned to a different eMBB user.
The results are averaged over 500 drops of the URLLC user
and 2000 fade realizations per drop.

We ran bit-level simulations using Matlab’s 5G toolbox
to determine the eMBB throughput loss for each MCS. The
increase in the BLER due to the pre-emption of two OFDM
symbols is evaluated at the SNR at which the eMBB BLER
is 0.1, which is the BLER target in 4G/5G. The eMBB user’s
MCS is chosen with equal probability from the MCSs in
Table II. Table IV lists the eMBB throughput loss per PRB
for the MCSs that can carry the URLLC payload in at most
R subbands.

A. With Negligible Feedback Delays

1) Achievability: Fig. 2a plots the achievability of OT
and JT averaged over different user locations for the low
interference setting as a function of the URLLC error target.
It shows results for two values of PT . Also plotted are the
results from the analysis. For OT, the lower bound tracks
the simulation curve. For JT, the analytical and simulation
results match well. As ε increases, the achievability increases
for both transmit powers because the SNR required to meet
the error target decreases. The achievability of JT is greater
than that of OT. Fig. 2b plots the corresponding results for the
high interference setting. The achievability of JT remains the
same as that for the low interference setting since feasibility is

5We have observed that the performance of MCMSA is insensitive to
the choice of εs because of the BLER inference approach presented in
Section II-D.

Fig. 2. Achievability averaged over different locations of OT and JT as a
function of error target for low and high interference settings.

Fig. 3. Achievability averaged over different locations of OT and JT as a
function of transmit power for low and high interference settings.

evaluated when all the BSs transmit to the URLLC user. For
OT, the achievability drops significantly due to the interference
from the remaining BSs.

Fig. 3a plots the achievability averaged over different
URLLC user locations as a function of PT for two values of ε.
It does so for OT and JT for the low interference setting. Also
plotted are the results from analysis. For OT, the lower bound
tracks the simulation curve well and is tight for PT ≤ 10 dBm.
For JT, the analysis and simulation results match well. Fig. 3b
plots the corresponding results for the high interference setting.
As PT increases, the achievability increases because the SNR
increases. As before, the achievability of JT is the same for
the two interference settings, while that of OT is lower for the
high interference setting.

2) eMBB Throughput Loss: We benchmark MCMSA with
the fixed subset size (FSS) approach. In it, S is set as B so
as not to compromise on the achievability. Furthermore, the
MCS at a BS is determined as follows. For OT, the BLER of
the URLLC packet is

∏
j∈B BLERmj

(
γ

(j)
mj

)
. Therefore, when

all K BSs contribute equally to the BLER, the MCS mj for
the jth BS is

mj = max
{
m ∈M : Tm

(
ε1/K

)
< γ(j)

m

}
. (26)

In JT, all the BSs transmit with the highest rate MCS that
meets the BLER target. We note that a comparison with the
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Fig. 4. Comparison of eMBB throughput loss per PRB of MCMSA and
the FSS approach as a function of error target for low and high interference
settings (PT = 10 dBm).

Fig. 5. Comparison of eMBB throughput loss per PRB of MCMSA and
the FSS approach as a function of PT for low and high interference settings
(ε = 10−5).

algorithms in [5], [10], [21], [22], and [7] is not meaningful
because of fundamental differences in the models, constraints,
and objectives.

Fig. 4a benchmarks the eMBB throughput loss per PRB of
OT and JT as a function of ε for the low interference setting
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, which requires fewer resource elements
to transmit the URLLC packet, increases. OT has a larger
throughput loss than JT. This is because eMBB transmissions
do not occur on |S|K subbands in OT and on K subbands
in JT. For OT, the throughput loss of MCMSA is much
smaller than the FSS approach. For JT, the throughput losses
of MCMSA and the FSS approach are the same because they
choose the same MCS in the low interference setting. Fig. 4b
plots the corresponding results for the high interference setting.
MCMSA has a smaller throughput loss than the FSS approach
for both OT and JT. The throughput loss for OT is now
significantly smaller.

Fig. 5a benchmarks the eMBB throughput loss per PRB
of OT and JT as a function of PT for the low interfer-
ence setting. As PT increases, the throughput loss decreases

TABLE V

COMPARISON OF COMPLEXITY OF MCMSA AND EXHAUSTIVE SEARCH
(M = 12, K = 4, AND PT = 10 dBm)

Fig. 6. Comparison of the probability that the BLER is below the target
value when feedback delays are ignored and accounted for (low interference
setting, fdτ = 0.3, Δ = 0.05, ε = 10−6, and PT = 20 dBm).

because the BSs use higher rate MCSs. The throughput loss
of MCMSA is less than that of the FSS approach for OT.
For JT, the throughput loss is the same for MCMSA and the
FSS approach. Fig. 5b plots the corresponding results for the
high interference setting. As before, the throughput loss for
OT is smaller, and the throughput loss of MCMSA is smaller
than the FSS approach for both OT and JT. The throughput
loss can be different for different BSs for a given URLLC
user location. The odds that a BS is included in S depend on
its distance from the user. We also note that the nearest BS
need not always be included in S because the signal strength
depends on shadowing and small-scale fading besides pathloss.

Complexity Evaluation: For OT, MCMSA requires
O(MK) computations to determine the optimal subset of
cooperating BSs and their MCSs. For JT, MCMSA requires
O
(
(2K − 1)M

)
computations for the high interference

setting and O(M) for the low interference setting. However,
numerically, it has a much lower complexity. We see this in
Table V, which plots the number of computations of MCMSA
and exhaustive search averaged across user locations and
channel fades.

B. With Non-Negligible Feedback Delays

Fig. 6a shows a heat map of the probability that the BLER
is below the target value at different locations in the grid,
when the MCS is based on the feedback at time t1 and the
effect of feedback delays ignored. At the corners of the grid,
the probability is close to one because the pathloss from the
closest BS is sufficiently small to ensure that the BLER is
below ε. However, closer to center of the grid, the pathloss
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Fig. 7. eMBB throughput loss per PRB as a function of normalized feedback
delay for JT and OT (Δ = 0.05 and PT = 20 dBm).

is more and the SNR is more sensitive to multi-path fading.
This increases the odds that the MCS selected has a BLER
greater than ε at the time of transmission. Fig. 6b shows the
corresponding heat map when the MCS is selected as per the
proposed approach in Section IV-B, which accounts for the
feedback delays. We see that 93% of the time, the BLER is
below the target value at any location in the grid for Δ = 0.05.
Thus, the proposed approach has a much higher probability of
meeting the BLER target.

Fig. 7 plots the eMBB throughput loss per PRB of MCMSA
as a function of the normalized feed back delay fdτ for JT
and OT for two error targets. The throughput loss increases
as fdτ increases because the CSI becomes less accurate.
Consequently, the BSs select lower rate MCSs, which require
more resource elements, more often. The throughput loss for
OT is more than that of JT, as was the case with negligible
feedback delays.

VI. CONCLUSION

We addressed the problem of optimizing the set of BSs
that cooperate to transmit the URLLC data and their MCSs.
The goal was to minimize the eMBB throughput loss due
to multi-connectivity while meeting the URLLC reliability
requirements. We saw that the eMBB throughput loss when
the set of cooperating BSs and their MCSs were jointly
selected was lower than with FSS. MCMSA enabled the above
selection with significantly fewer computations compared to
exhaustive search. Using results about EESM, we derived
a tractable lower bound for the achievability of OT and
a closed-form expression for the achievability of JT for
frequency-selective fading channels. For the scenario with
non-negligible feedback delays, we introduced a stochastic
reliability constraint and derived a tractable expression for the
conditional probability that the instantaneous BLER remained
below a pre-specified threshold. Selecting the set of cooperat-
ing BSs and their MCSs led to a markedly higher probability
that the BLER was below the target value compared to the
conventional approach that neglected the feedback delays.

JT had a higher achievability than OT over a wide range
of URLLC error targets and BS transmit powers, but required
more feedback. Similarly, the low interference setting had a
higher achievability, but incurred a larger eMBB throughput
loss. Therefore, when the uplink feedback bandwidth is very
limited, OT and the low interference setting are preferable.
When reducing the eMBB throughput loss is the main con-
cern, JT and the high interference setting are preferable.
When ensuring high achievability is the main concern, JT is
preferable.

We focused on the single URLLC user scenario. For heavier
URLLC traffic, the multiple user scenario is of interest. Since a
BS employs at most R subbands to serve a URLLC user, it can
support 
N/R� users simultaneously, where 
·� denotes the
floor function. Furthermore, the definition and expressions for
achievability for JT and OT apply to the multiple user scenario
as well. The same holds for the stochastic reliability constraint
when the feedback delays are not negligible. Extending the
model and analysis further is an interesting avenue for future
work.

APPENDIX

A. Proof of Result 1

From (2), we know that BLER1

(
γ

(j)
1

)
= 1 when γ

(j)
1 ≤

λ1, and BLER1

(
γ

(j)
1

)
= c1e

−d1γ
(j)
1 when γ

(j)
1 > λ1. Let V

denote a subset of BSs whose effective SNR of MCS 1 exceeds
λ1. From the law of total probability, by summing over all
possible V , A in (9) can be expressed as

A =
∑
V⊆B

Pr

⎛
⎝∏

j∈V
c1 exp

(
−d1γ

(j)
1

)
≤ ε|V

⎞
⎠Pr (V) , (27)

where

Pr (V) = Pr
(
γ

(j)
1 > λ1, ∀j ∈ V ; γ(j)

1 ≤ λ1, ∀j ∈ B \ V
)

.

Since the effective SNRs γ
(1)
1 , . . . , γ

(K)
1 are mutually indepen-

dent, we get

Pr (V) =

⎡
⎣∏

j∈V

(
1− F

γ
(j)
1

(λ1)
)⎤⎦ ∏

j∈B\V
F

γ
(j)
1

(λ1) , (28)

where F
γ
(j)
1

(.) denotes the CDF of γ
(j)
1 .

Upon rearranging terms and simplifying, the first probability
term in (27) reduces to

Pr

⎛
⎝∏

j∈V
c1 exp

(
−d1γ

(j)
1

)
≤ ε|V

⎞
⎠

= Pr

⎛
⎝∑

j∈V
γ

(j)
1 ≥ |V| log(c1)− log(ε)

d1
|γ(j)

1 ≥ λ1, ∀j ∈ V

⎞
⎠,

=
Pr
(∑

j∈V γ
(j)
1 ≥ |V| log(c1)−log(ε)

d1
; γ(j)

1 ≥ λ1, ∀j ∈ V
)

Pr
(
γ

(j)
1 ≥ λ1, ∀j ∈ V

) .

(29)
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Let R1 =
{
γ

(j)
1 , ∀j ∈ V :

∑
j∈V γ

(j)
1 ≥ |V| log(c1)−log(ε)

d1

}
,

R2 =
{

γ
(j)
1 , ∀j ∈ V : γ

(j)
1 > λ1, ∀j ∈ V

}
, and

R3 =
{

γ
(j)
1 , ∀j ∈ V : λ1 ≤ γ

(j)
1 ≤ |V| log(c1)− log(ε)

d1

− (|V| − 1)λ1, ∀j ∈ V
}

.

We can show thatR2\R3 ⊆ R1∩R2. Hence, Pr (R1 ∩R2) ≥
Pr (R2 \ R3) ≥ Pr (R2)− Pr (R3). Therefore,

Pr

⎛
⎝∑

j∈V
γ

(j)
1 ≥ |V| log(c1)− log(ε)

d1
; γ(j)

1 ≥ λ1, ∀j ∈ V

⎞
⎠

≥ Pr
(
γ

(j)
1 ≥ λ1, ∀j ∈ V

)
− Pr

(
λ1 ≤ γ

(j)
1 ≤ |V| log(c1)− log(ε)

d1

− (|V| − 1)λ1, ∀j ∈ V
)
,

=

⎡
⎣∏

j∈V

(
1− F

γ
(j)
1

(λ1)
)⎤⎦

−
∏
j∈V

[
F

γ
(j)
1

(
1
d1

log

(
c
|V|
1

ε

)
− (|V| − 1)λ1

)

−F
γ
(j)
1

(λ1)

]
. (30)

Thus, all the probability terms can be written in terms of the
CDF F

γ
(j)
1

(.).

Expression for F
γ
(j)
1

(.): From (3), γ
(j)
1 = −β1 log

(
Y

(j)
1

)
,

where

Y
(j)
1 =

1
N1

∑
i∈Dj

exp
(
−Γij

β1

)
. (31)

Y
(j)
1 is a sum of N1 positive RVs with a finite support of

[0, 1]. It can be approximated by a beta RV, as per Papoulis’
central limit approximation [33]. The beta parameters a

(j)
1 and

b
(j)
1 of Y

(j)
1 can be expressed as follows [34, Ch. 25]:

a
(j)
1 =

E

[
Y

(j)
1

](
E

[
Y

(j)
1

]
− E

[(
Y

(j)
1

)2
])

E

[(
Y

(j)
1

)2
]
−
(
E

[
Y

(j)
1

])2
, (32)

b
(j)
1 =

(
1− E

[
Y

(j)
1

])(
E

[
Y

(j)
1

]
− E

[(
Y

(j)
1

)2
])

E

[(
Y

(j)
1

)2
]
−
(
E

[
Y

(j)
1

])2
. (33)

From (31), E

[
Y

(j)
1

]
= (1/N1)

∑
i∈Dj

ΨΓij

(
−β−1

1

)
. Since

Γij is an exponential RV with parameter ω2/(PT σ2
j ), its MGF

can be shown to be ΨΓij (s) = ω2/(ω2−sPT σ2
j ), for �{s} <

ω2/(PT σ2
j ). Hence, ΨΓij

(
−β−1

1

)
= ω2β1/(ω2β1 +PT σ2

j )
�
=

gj . It follows that E

[
Y

(j)
1

]
= gj . Similarly,

E

[(
Y

(j)
1

)2
]

=
1

N2
1

∑
i∈Dj

E

[
e
− 2Γij

β1

]

+
1

N2
1

∑
i∈Dj

∑
l∈Dj,l �=i

E

[
e
−Γij+Γlj

β1

]
. (34)

From above, E
[
e−2Γij/β1

]
= ΨΓij

(
−2β−1

1

)
and

ΨΓij

(
−2β−1

1

)
= ω2β1/(ω2β1+2PT σ2

j )
�
= sj . As Γij and Γlj

are independent for i 
= l, E
[
e−(Γij+Γlj)/β1

]
= ΨΓij

(
−β−1

)
ΨΓlj

(
−β−1

)
= g2

j . Substituting these moment expressions
in (32) and (33) yields (11) and (12). Lastly,

F
γ
(j)
1

(x) = Pr
(
Y

(j)
1 ≥ e

− x
β1

)
= 1−B

(
e
− x

β1 , a
(j)
1 , b

(j)
1

)
.

(35)

B. Brief Derivation of Result 2

The achievability is given by A =
Pr
(
c1 exp

(
−d1γ

B
1

)
≤ ε

)
= Pr

(
γB
1 ≥ (log(c1ε

−1)/d1)
)
.

The effective SNR γB
1 can be written as γB

1 = −β1 log
(
Y B

1

)
,

where Y B
1 = (1/N1)

∑N1
i=1 exp

(
−
(∑

j∈B Γij

)
/β1

)
. Thus,

A=Pr
(
Y B

1 <
(
c1ε

−1
) 1

d1β1

)
=FY B

1

((
c1ε

−1
) 1

d1β1

)
, (36)

where FY B
1

(.) is the CDF of Y B
1 . As in Appendix A, Y B

1

is a beta RV with parameters aB
1 and bB1 . Hence, A =

B
((

c1ε
−1
) 1

d1β1 , aB
1 , bB1

)
.

The beta parameters aB
1 and bB1 can be computed from

the first two moments of Y B
1 using formulae similar to (32)

and (33). The moments of Y
(B)
1 are given as follows:

E
[
Y B

1

]
=

1
N1

N1∑
i=1

⎛
⎝∏

j∈B
E

[
exp

(
−Γij

β1

)]⎞⎠ =
∏
j∈B

gj,

(37)

E

[(
Y B

1

)2]
=

1
N2

1

N1∑
i=1

⎛
⎝∏

j∈B
E

[
e−

2Γij
β1

]⎞⎠

+
1

N2
1

N1∑
i=1

N1∑
l=1,l �=i

E

[
e−

�
j∈B Γij+

�
j∈B Γlj

β1

]
,

=
1

N1

⎛
⎝∏

j∈B
sj

⎞
⎠ +

N1 − 1
N1

⎛
⎝∏

j∈B
gj

⎞
⎠

2

. (38)

C. Proof of Lemma 1

a) Since the error target is satisfied by m∗
j , using an MCS

with a lower rate than m∗
j will require more resource elements

and, thus, increase the number of PRBs that are pre-empted
for the eMBB user. Hence, it is suboptimal.

b) For the same SNR, a larger MCS index implies a higher
rate and a higher BLER. Hence, if (mj , ∀j ∈ S) cannot meet
the BLER target, neither can (mj+νj , ∀j ∈ S), where νj ≥ 0.
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D. Brief Proof of Result 3

Let V denote the subset of BSs whose effective SNR
γ

(j)
mj (t2) of MCS mj is greater than λmj . Along lines similar

to Appendix A, we have

Pr

⎛
⎝∏

j∈S
BLERmj

(
γ(j)

mj
(t2)

)
≤ ε|Qt1

⎞
⎠

=
∑
V⊆S

Pr

⎛
⎝∑

j∈V
dmj γ

(j)
mj

(t2) ≥ θV |V ,Qt1

⎞
⎠Pr (V|Qt1) ,

(39)

where θV = log
(
ε−1

∏
j∈V cmj

)
. The first probability term

in (39) can be written as

Pr

⎛
⎝∑

j∈V
dmj γ

(j)
mj

(t2) ≥ θV |V ,Qt1

⎞
⎠

=

Pr

(∑
j∈V

dmj γ
(j)
mj (t2)≥θV ; γ(j)

mj (t2)>λmj , ∀j ∈ V|Qt1

)

Pr
(
γ

(j)
mj (t2) > λmj ,∀j ∈ V | Qt1

) .

(40)

In a manner similar to Appendix A, we can show that

Pr

⎛
⎝∑

j∈V
dmj γ

(j)
mj

(t2) ≥ θV ; γ(j)
mj

(t2) > λmj , ∀j ∈ V|Qt1

⎞
⎠

≥ Pr
(
γ(j)

mj
(t2) > λmj , ∀j ∈ V | Qt1

)
− Pr

(
λmj ≤ γ(j)

mj
(t2) ≤

θV − ζj

dmj

, ∀j ∈ V|Qt1

)
,

=

⎡
⎣∏

j∈V

(
1− F

γ
(j)
mj

(t2)|Qt1

(
λmj

))⎤⎦
−

∏
j∈V

[
F

γ
(j)
mj

(t2)|Qt1

(
θV − ζj

dmj

)
− F

γ
(j)
mj

(t2)|Qt1

(
λmj

)]
,

(41)

where F
γ
(j)
mj

(t2)|Qt1
(.) is the CDF of γ

(j)
mj (t2) conditioned on

Qt1 . And, Pr (V|Qt1) simplifies to

Pr (V | Qt1) = Pr
(
γ(j)

mj
(t2) > λmj , ∀j ∈ V | Qt1

)
×

∏
j∈S\V

F
γ
(j)
mj

(t2)|Qt1

(
λmj

)
. (42)

Multiplying (41) and (42), and substituting in (40) and then
in (39) yields (16).

E. Proof of Result 4

As before, γ
(j)
mj (t2) = −βmj log

(
Ymj (t2)

)
, where

Ymj (t2) = (1/Nmj)
∑

i∈Dj
exp

(
−Γij(t2)/βmj

)
. Along lines

similar to Appendix A, Ymj (t2) conditioned on Qt1 is a beta

RV with parameters amj and bmj . Hence, the conditional CDF

of γ
(j)
mj (t2) can be rewritten as

F
γ
(j)
1

(x) = Pr
(
Ymj (t2) ≤ e

− x
βmj

)
= B

(
e
− x

β1 , amj , bmj

)
.

(43)

Expressions for Beta Parameters: amj and bmj can
be written in terms of the conditional moments of
Ymj (t2) using formulae similar to (32) and (33) as
follows. The conditional mean E

[
Ymj (t2) | Qt1

]
is equal

to (1/Nmj)
∑

i∈Dj
ΨΓij(t2)|Qt1

(−β−1
mj

). Since Hij(t1)
and Hij(t2) are jointly Gaussian with correlation
coefficient ρ(τ), Γij(t2) conditioned on Γij(t1) is
a weighted non-central chi-square RV with weight
αj = dmj PT

(
1− ρ2(τ)

)
σ2

j /(2ω2) [31, Ch. 9]. Therefore,

ΨΓij(t2)|Qt1
(s) =

1
1− 2αjs

exp
(

αjδijs

1− 2αjs

)
,

for �{s} <
1

2αj
. (44)

Hence, ΨΓij(t2)|Qt1

(
−β−1

mj

)
= (βmj /(βmj +

2αj)) exp
(
−δijαj/(βmj + 2αj)

) �
= gij . Similarly,

E
[
(Ymj (t2))

2 | Qt1

]
=

1
N2

mj

∑
i∈Dj

sij

+
1

N2
mj

∑
i∈Dj

∑
l∈Dj,l �=i

gijglj , (45)

where sij
�
= ΨΓij(t2)|Qt1

(
−2β−1

mj

)
.

Substituting these in (32) and (33) and simplifying further
yields (18) and (19).

F. Brief Proof of Result 5

From (2), the constraint can be written as

Pr
(
BLERm

(
γB

m(t2)
)
≤ ε|Qt1

)
= Pr

(
γB

m(t2) >
log

(
cm

ε

)
dm

|Qt1

)
,

= FY ′
m|Qt1

((cm

ε

) 1
βmdm

)
, (46)

where γB
m(t2) = −βm log(Y �

m), Y �
m =

(1/Nm)
∑Nm

i=1 exp
(
−ΓB

i (t2)/βm

)
, and FY ′

m|Qt1
(.) is the

CDF of Y �
m conditioned on Qt1 . Since Hij(t1) and Hij(t2)

are jointly complex Gaussian,
∣∣∣∑j∈B H∗

ij(t1)Hij(t2)
∣∣∣

conditioned on Qt1 is a Rician RV with non-centrality
parameter ρ(τ)(wi(t1))2 and scale parameter√

(1− ρ2(τ))
(∑

j∈B σ2
j |Hij(t1)|2

)
/2. As a result, the

SNR ΓB
i (t2) = (PT /(ω2(wi(t1))2)

∣∣∣∑j∈B H∗
ij(t1)Hij(t2)

∣∣∣2
of subband i, which is the square of a Rician RV, is a
weighted non-central chi-square RV with weight α�

i and
non-centrality parameter δ�i when conditioned on Qt1 . Hence,

FY ′
m|Qt1

(
(cm/ε)

1
βmdm

)
= B

(
(cm/ε)

1
βmdm , a�

m, b�m
)

.

The moments of Y �
m can be expressed in terms of the MGF

of ΓB
i (t2) conditioned on Qt1 , which is given in Appendix D.
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