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A New Design of CR-NOMA and Its Application
to AoI Reduction

Zhiguo Ding, Octavia A. Dobre, Pingzhi Fan, and H. Vincent Poor

Abstract—The aim of this letter is to develop a new design
of cognitive radio inspired non-orthogonal multiple access (CR-
NOMA), which ensures that multiple new users can be supported
without causing disruption to the legacy network. Analytical
results are developed to characterize the statistical properties
of the number of supported new users. The developed CR-
NOMA scheme is compatible to various communication net-
works, because it can be implemented as a simple add-on.
An example of using CR-NOMA as an add-on in time-division
multiple access networks for age of information (AoI) reduction is
illustrated, where analytical results are developed to demonstrate
the superior performance gain of using CR-NOMA.

I. INTRODUCTION

One of the key features of non-orthogonal multiple access
(NOMA) is its superior compatibility with other communica-
tion techniques, because NOMA can be implemented as a type
of simple add-ons in other legacy communication networks
[1]. Take cognitive radio inspired NOMA (CR-NOMA) as
an example [2]. One secondary user is admitted into the
bandwidth resource block which would be solely occupied by
a primary user in orthogonal multiple access (OMA). Note that
the secondary user is served without causing any disruption
to the primary user, and hence serving the secondary user is
transparent to the primary user. In other words, by applying
CR-NOMA as a simple add-on, the user connectivity and the
overall system throughput of many communication networks
can be improved in a spectrally efficient manner [3]–[5]. Most
existing works on CR-NOMA have been focused on the case
with a single secondary user, which motivates this letter.

In particular, the aim of this letter is to propose a new
design of CR-NOMA in order to support multiple secondary
users. The key challenges for design multi-user CR-NOMA are
how to determine the number of supported secondary users
and how to decide on their transmit powers. The fact that
the two challenges are coupled with the design of successive
interference cancellation (SIC) makes the design of multi-
user CR-NOMA more difficult. In this letter, the key idea of
random access NOMA is applied to CR-NOMA in order to dy-
namically determine the number of supported secondary users
and also simplify the problem of transmit power allocation [6].
Analytical results are developed to characterize the statistical
property of the number of supported secondary users, as well
as the secondary users’ sum-rate. In order to demonstrate
the compatibility of CR-NOMA, an example of using CR-
NOMA as an add-on in time division multiple access (TDMA)
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networks for age of information (AoI) reduction is illustrated,
where analytical results are developed to demonstrate the
superior performance gain of using the developed new design
of CR-NOMA [7].

II. A NEW DESIGN OF CR-NOMA

Assume that there exists an OMA-based legacy uplink
network, where a user, termed the primary user and denoted
by U0, has been scheduled on an orthogonal resource block,
e.g., a time slot. The key idea of CR-NOMA is to support
additional users, termed secondary users and denoted by Ui,
i = 1, 2, · · · , without degrading U0’s quality-of-service (QoS)
requirements. To facilitate the performance analysis, the users’
channels are assumed to be complex Gaussian independent and
identically distributed (i.i.d.) with zero mean and unit variance.
The proposed CR-NOMA scheme is described as follows.

A. Description of Multi-User CR-NOMA

1) Determine U0’s tolerable interference: Similar to con-
ventional CR-NOMA [2], which can support a single sec-
ondary user only, for the new CR-NOMA design, the base
station also decodes U0’s signal first, which means that the
admitted secondary users’ signals become the interference to
the primary user. Therefore, it is necessary to first determine
how much interference can be tolerated by the primary user
U0, which directly affects how many secondary users can be
supported, as shown in the following subsection. In particular,
denote the maximal interference tolerable to U0 by I , and
hence I needs to satisfy the following constraint:

log

(
1 +

P |h0|2

1 + I

)
= R⇒ I =

P |h0|2

ε
− 1, (1)

where the noise power is assumed to be normalized to be
one, R denotes U0’s target data rate, h0 denotes U0’s channel
gain, ε = 2R−1, and P denotes U0’s transmit signal-to-noise
(SNR). For illustration purposes, it is assumed that the primary
and secondary users have the same target data rate, and all the
users have the same transmit power budget, i.e., P .

The key challenge to design multi-user CR-NOMA is due to
the following two coupled issues, namely how many secondary
users can be supported and how to decide on their transmit
powers, which are further entangled with the design of the SIC
decoding order of the secondary users’ signals at the base
station. The key step for the new design of CR-NOMA is
to integrate another form of NOMA, termed random access
NOMA [6], into CR-NOMA, which can effectively decouple
the two aforementioned issues, as shown in the following.

2) Pre-configure the NOMA Receive SNR levels: Based on
random access NOMA, the receive SNR levels for the sec-
ondary users’ signals at the base station can be preconfigured.
In particular, prior to transmission, the base station defines a
series of receive SNR levels, denoted by Pk, k = 1, 2, · · · ,
where Pk < Pj for k < j. The lowest SNR level, P1, is to be
used by the secondary user whose signal is decoded at the last
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stage of SIC. In order to support the user’s target data rate,
P1 needs to satisfy the following constraint:

log (1 + P1) = R⇒ P1 = ε. (2)

The SNR level, P2, is to be used by the secondary user whose
signal is decoded in the second-to-last SIC stage, and hence
it needs to satisfy the following constraint: log

(
1 + P2

1+P1

)
=

R. In general, the choice of the SNR level, Pk, can be obtained
from Pi, 1 ≤ i ≤ k − 1, as follows:

log

(
1 +

Pk

1 +
∑k−1

i=1 Pi

)
= R⇒ Pk = ε

(
1 +

k−1∑
i=1

Pi

)
.

(3)

3) Determine K supportable by U0: Note that only a
limited number of SNR levels can be supported by U0, because
the total interference from the secondary users needs to be
capped by I , in order to avoid any performance degradation
to U0. In particular, consider that the first K SNR levels are to
be used, which means that K needs to satisfy the constraint:

K∑
k=1

Pk ≤ I, (4)

if I > 0, otherwise K = 0, i.e., no secondary user can be
supported. Note that K is an important system parameter since
it is directly related to how many secondary users can be
supported by U0. The following lemma shows the statistical
properties of K.

Lemma 1. The probability for the number of SNR levels
supported by U0 is given by

P(K = n) =e−
ε+εηn
P − e−

ε+εηn+1
P , (5)

for n ≥ 1, and P(K = 0) = 1 − e−
ε2+ε
P , where

ηn =
∑n

k=1 Pk. The mean of K is given by E{K} =∑∞
n=0 nP(K = n), and E{K} → ∞ for P →∞.

Proof. See Appendix A.

Lemma 1 indicates that the number of secondary users
which can be supported by U0 is unbounded at high SNR,
which is an important property to support massive connectivity
in the next-generation wireless network.

4) Schedule K users: Once the K SNR levels supported
by U0 are known, the next task is to schedule secondary users
for using these preconfigured SNR levels.

Without loss of generality, assume that there are M sec-
ondary users to be scheduled. A low-complexity scheduling
approach is to randomly select K users from the M candi-
dates, which does not require the users’ channel state infor-
mation (CSI). An alternative greedy approach is to schedule
the user with the k-th weakest channel condition on Pk, which
is motivated by the following observation. Supposing that Ui

chooses Pk, its transmit SNR needs to be Pk
|hi|2 , where hi

denotes Ui’s channel gain. If Pk
|hi|2 > P , Pk is not feasible to

Ui due to the user’s transmit power budget. Therefore, it is
important to assign a user with strong channel conditions to
a high SNR level; however, this greedy approach requires the
base station to have access to all the users’ CSI.

For both scheduling approaches, a user simply keeps silent if
it finds its assigned SNR level not feasible, which is important
to avoid the situation where one user’s transmission failure
causes a catastrophe to the whole network. In particular, for
conventional uplink NOMA, if the base station fails to detect
one user’s signal, the remaining SIC stages to detect other
users’ signals have to be abandoned. For the new CR-NOMA
scheme, for a user which cannot afford the assigned SNR
level, its transmission failure will not cause any performance
degradation to the other users.

B. Performance Analysis for CR-NOMA

Due to space limitations, hence we focus on the per-
formance analysis for the random scheduling approach. For
simplicity purposes, assume that Uk is assigned with the SNR
level Pk. The secondary users’ outage sum-rate achieved by
CR-NOMA can be expressed as follows:

Rsum =

M∑
n=1

P (K = n)
n∑

k=1

P (Ek|K = n) kR, (6)

where Ek denotes an event that there are k users successfully
delivering their updates to the base station.

For conventional CR-NOMA, a failure in one SIC stage
stops the remaining SIC stages, which makes the performance
analysis very challenging. For the new CR-NOMA, because a
user whose assigned SNR level is infeasible keeps silent, this
user’s failure will not cause any disruption to the other users.
Therefore, the outage sum-rate can be simplified as follows:

Rsum =

M∑
n=1

P (K = n)R

n∑
k=1

P

(
Pk

|hk|2
≤ P

∣∣∣∣K = n

)
. (7)

By applying Lemma 1 and using the fact that the number of
secondary users is capped by M , the secondary users’ sum-
rate can be obtained as follows.

Corollary 1. With random scheduling, the sum-rate of the
secondary users is given by

Rsum =

M−1∑
n=1

(
e−

ε+εηn
P − e−

ε+εηn+1
P

)
R

n∑
k=1

e−
Pk
P (8)

+

∞∑
n=M

(
e−

ε+εηn
P − e−

ε+εηn+1
P

)
R

M∑
k=1

e−
Pk
P .

III. APPLICATION OF CR-NOMA FOR AOI REDUCTION

The new design of CR-NOMA can be straightforwardly
applied to TDMA networks as an add-on for AoI reduction.
In particular, consider that there exists a TDMA-based legacy
network, where each time frame consists of N time slot. To be
consistent to the notations in the previous section, assume that
there are (M + 1)N users which want to send their updates
to the base station. With round-robin TDMA, a super-frame
which consists of M frames is needed to serve all the users.
Denote by Uk

n a user scheduled in the n-th time slot of the k-
frame of a super-frame. Assume that the users’ channel gains
in different time slots are i.i.d. complex Gaussian variables
with zero mean and unit variance.
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TABLE I
ILLUSTRATION OF SNR LEVEL ALLOCATION IN ONE SUPER-FRAME.

frame 1 frame 2 · · · frame M frame M + 1

P U1
1 U2

1 · · · UM
1 UM+1

1

P1 U2
1 U3

1 · · · UM+1
1 U1

1
P2 U3

1 U4
1 · · · U1

1 U2
1

...
...

... · · ·
...

...
PM−1 UM

1 UM+1
1 · · · UM−2

1 UM−1
1

PM UM+1
1 U1

1 · · · UM−1
1 UM

1

Without loss of generality, we focus on the AoI of U1
1, where

the user’s average AoI is defined as follows:

∆̄ = lim
T̄→∞

1

T̄

∫ T̄

0

∆(t)dt, (9)

where ∆(t) denotes the user’s instantaneous AoI at time t. By
following the steps similar to those in [8], the AoI achieved
by TDMA can be straightforwardly obtained as follows:

∆̄T = T + (M + 1)NT
(
2e

ε
P − 1

)
, (10)

where T denotes the duration of each time slot, and the
generate-at-will model is considered.

In order to apply CR-NOMA, the (M + 1) users which
are scheduled at the same time slot of the (M + 1) frames
in one super-frame, e.g., U1

n, · · · , UM+1
n , are grouped for the

implementation of NOMA.
The AoI of U1

1 is focused on, without loss of generality.
In the first time slot of the first frame of each super-frame,
U1

1 is scheduled to transmit, in the same manner as in OMA.
Following the descriptions in the previous section, U1

1 can be
viewed as the primary user, U0, where U2

1, · · · , UM+1
1 can

be viewed as the secondary users. Note that not all secondary
users can be supported by U1

1. Again by using the steps in the
previous section, K SNR levels which can be supported by
U1

1, P1, · · · , PK , are assigned to U2
1, · · · , UK+1

1 , respectively.
If a user is not assigned a SNR level or finds that its assigned
SNR level is infeasible due to its power budget, it keeps silent.
An illustration of SNR level allocation for the case K = M
is shown in Table I.

As shown in the table, in the m-th frame, m ≥ 2, Um
1 is

treated as the primary user, and U1
1 is assigned with PM−m+2,

if this SNR level can be supported by Um
1 . By using Lemma

1 and Table I, the following lemma can be obtained for the
AoI achieved by CR-NOMA.

Lemma 2. The AoI achieved by the proposed multi-user CR-
NOMA scheme is given by

∆̄ = T +
∆Y

∆Y 2

, (11)

where ∆Y is expressed as follows:

∆Y =

∞∑
q=0

M+1∑
m=1

M+1∑
n=1

[(q + 1)(M + 1) + n−m]NT (12)

× φmφnψM+1
m+1 ψ

n−1
1

(
1− e− ε

P

)q M+1∏
p=2

(1− φp)
q

+

M∑
m=1

M+1∑
n=m+1

(n−m)NTφmφnψ
n−1
m+1,

∆Y 2 =

∞∑
q=0

M+1∑
m=1

M+1∑
n=1

[(q + 1)(M + 1) + n−m]
2
N2T 2

× φmφnψM+1
m+1 ψ

n−1
1

(
1− e− ε

P

)q M+1∏
p=2

(1− φp)
q

+

M∑
m=1

M+1∑
n=m+1

(n−m)2N2T 2φmφnψ
n−1
m+1, (13)

ψn
m =

∏n
p=m (1− φp), φ1 = e−

ε
P and, for 2 ≤ m ≤M + 1,

φm =

∞∑
k=M−m+2

(
e−

ε+εηk
P − e−

ε+εηk+1
P

)
e−

PM−m+2
P . (14)

Proof. See Appendix B.

IV. SIMULATION RESULTS

In this section, simulation results are presented to demon-
strate the performance of the developed CR-NOMA scheme
and its impact on the AoI.

In Fig. 1, the characteristics of CR-NOMA are focused on
first. Recall that the key step of CR-NOMA is to determine K,
which is an important parameter because it directly affects how
many secondary users can be supported. Fig. 1(a) demonstrates
that the number of SNR levels, or the number of supported
secondary users, is increased by increasing the transmit SNR,
which confirms the conclusion predicted in Lemma 1. In Fig.
1(b), the secondary users’ outage sum-rate is used as the metric
to evaluate the performance of CR-NOMA, where both the
random and greedy scheduling schemes are considered. As can
be seen from the figure, CR-NOMA can support a significantly
large sum-rate for the secondary users, and it is important to
point out that this data rate gain is achieved without consuming
extra bandwidth resources. Both Figs. 1(a) and 1(b) also verify
the accuracy of the analytical results developed in Lemma 1
and Corollary 1.

In Fig. 2, the impact of CR-NOMA on the AoI reduction
is studied. Both Figs. 2(a) and 2(b) show that CR-NOMA can
significantly reduce the AoI, compared to OMA. Furthermore,
Fig. 2 shows that the performance gain of CR-NOMA over
OMA can be further improved by increasing the number
of users. Therefore, the application of CR-NOMA will be
particularly important to the future wireless network with
massive users. Comparing Fig. 2(a) to 2(b), one can observe
that the performance gain of CR-NOMA over OMA is larger
in the case of a smaller target data rate. This is also a valuable
property given the fact that for most applications of machine-
type communications, the users are expected to be served with
small data rates. Fig. 2 also demonstrates the accuracy of the
analytical results developed in Lemma 2.

V. CONCLUSIONS

In this paper, a new form of CR-NOMA has been developed
in order to support multiple secondary users. Analytical results
have been developed to characterize the statistical properties
of the number of supported secondary users. In addition, an
example of using CR-NOMA as an add-on in TDMA networks
for AoI reduction was illustrated, where analytical results were
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Fig. 1. Impact of the proposed CR-NOMA transmission scheme. BPCU
denotes bits per channel use.

developed to demonstrate the superior performance gain of
using CR-NOMA.

APPENDIX A
PROOF FOR LEMMA 1

The probability to support K secondary users is given by

P(K = n) =P

(
n∑

k=1

Pk ≤ I,
n+1∑
k=1

Pk ≥ I, I ≥ 0

)
. (15)

We note that Pk is not a function of I , and therefore P(K =
n) can be expressed as follows:

P(K = n) =P (ηn ≤ I ≤ ηn+1) , (16)

for n ≥ 1, where recall that ηn =
∑n

k=1 Pk. The event that
P(K = 0) is caused by either I < 0 or I being too small to
support P1, i.e.,

P(K = 0) =P (I < 0) + P (0 ≤ I ≤ η1) = P (I ≤ η1) .
(17)

By using (1), the probability can be further rewritten as
follows:

P(K = n) =P

(
ηn ≤

P |h0|2

ε
− 1 ≤ ηn+1

)
(18)

=e−
ε+εηn
P − e−

ε+εηn+1
P ,

where n ≥ 1.
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(a) R = 0.5 BPCU
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(b) R = 1 BPCU

Fig. 2. AoI achieved by the proposed CR-NOMA scheme. T = 2 seconds
and N = 8.

Furthermore, the probability P(K = 0) can be obtained as
follows:

P(K = 0) =P (I ≤ ε) = P

(
P |h0|2

ε
− 1 ≤ ε

)
(19)

=P

(
|h0|2 ≤

ε2 + ε

P

)
= 1− e−

ε2+ε
P .

The mean of the number of secondary users which can be
supported by U0 is given by

E{K} =

∞∑
n=0

nP(K = n) (20)

=

∞∑
n=1

n
(
e−

ε+εηn
P − e−

ε+εηn+1
P

)
.

By applying Markov’s inequality [9], with a fixed n, a lower
bound on E{K} can be obtained as follows:

P(K ≥ n) ≤ E{K}
n
⇒ E{K} ≥ nP(K ≥ n). (21)

This lower bound can be further rewritten as follows:

E{K} ≥n (1− P(K ≤ n)) (22)

=n

(
1−

n∑
i=0

P(K = i)

)
.

It is important to note that P(K = i), i ≥ 1, can be
approximated as follows:

P(K = i) =e−
ε+εηi
P − e−

ε+εηi+1
P (23)

≈εηi+1 − ηi
P

→ 0,
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where the approximation is obtained by assuming that i is
fixed and P → ∞. The probability P(K = 0) also goes to
zero for P →∞.

Therefore, at high SNR, the mean of K can be lower
bounded as follows:

E{K} ≥n

(
1−

n∑
i=0

P(K = i)

)
≈ n, (24)

which holds for any fixed n with P → ∞. In other words,
E{K} is unbounded at high SNR. The lemma is proved.

APPENDIX B
PROOF FOR LEMMA 2

First define the following event

Ejm = {The user’s j-th successful update happens (25)
in the m-th frame of a super-frame}, (26)

where 1 ≤ m ≤ M + 1. By using Ejm, we can define
the duration between the (j − 1)-th and j-th successful
transmissions, denoted by yj . In particular, conditioned on
E(j−1)m, Ejn, and q super-frames being elapsed between the
two adjacent successful transmissions, yj is given by

yj = (M + 1−m)NT + qNT + nNT, (27)

where n > m, if q = 0.
By following the steps similar to those in [8], the average

AoI can be obtained by using the statistics of yj , i.e.,

∆̄ = T +
E{Y 2}
E{Y }

, (28)

where E{Y 2} = lim
J→∞

∑J
j=1 y

2
j and E{Y } = lim

J→∞

∑J
j=1 yj .

E{Y } can be expressed as follows:

E{Y } =
∞∑
q=0

M+1∑
m=1

M+1∑
n=1

[(M + 1−m)NT + q(M + 1)NT + nNT ]

× P(E(j−1)m, Ejn, xj = q, EM+1
m+1 , E

n−1
1 ) (29)

+

M∑
m=1

M+1∑
n=m+1

(n−m)NTP(E(j−1)m, Ejn, E
n−1
m+1),

where Ek
i denotes the event that the user fails to update the

base station from the i-th frame to the k-th frame within
one super-frame, and xj denotes the number of super-frames
between the (j − 1)-th and j-th successful transmissions.
The last term in (29) is for the event that the two adjacent
successful updates happen in one super-frame.

Because the users’ channel gains are i.i.d., P(E(j−1)m) =
P(Ejm). Recall that Ejm is the event that U1

1 succeeds in
the m-th frame. According to the principle of CR-NOMA,
in the first frame, i.e., m = 1, U1

1 acts as the primary user,
and P(Ej1) is simply given by P(Ej1) = e−

ε
P . In the m-th

frame, 2 ≤ m ≤ M + 1, U1
1 acts as a secondary user and is

assigned with the SNR level, PM−m+2, where P(Ejm) can
be calculated as follows:

P(Ejm) =P

(
EPm,

PM−m+2

|hm1 |2
≤ P

)
, (30)

where EPm denotes the event that PM−m+2 can be supported
by Um

1 , and hm1 denotes U1
1’s channel gain in the m-th frame.

P(Ejm) can be further evaluated as follows:

P(Ejm) =P

(
Km ≥M −m+ 2,

PM−m+2

|hm1 |2
≤ P

)
(31)

=

∞∑
k=M−m+2

P (Km = k) P

(
PM−m+2

|hm1 |2
≤ P

)
,

where Km denotes the number of SNR levels which can be
supported by the primary user, Um

1 .
By applying Lemma 1, P(Ejm) can be expressed as fol-

lows:

P(Ejm) =

∞∑
k=M−m+2

(
e−

ε+εηk
P − e−

ε+εηk+1
P

)
e−

PM−m+2
P ,

(32)

for 2 ≤ m ≤M + 1.
The expression of P(Ejm) can be used to find the proba-

bility of xj as follows:

P(xj = q) =

[
(1− P(Ej1))

M+1∏
p=2

(1− P(Ejp))

]q

=
(
1− e− ε

P

)q M+1∏
p=2

(1− P(Ejp))
q
. (33)

Similarly, P(En
m) can be obtained as follows:

P(En
m) =

n∏
p=m

(1− P(Ejp)) . (34)

By substituting (32), (33) and (34) into (29), a closed-form
expression of E{Y } can be obtained. E{Y 2} can be evaluated
similarly to E{Y }, and hence the lemma is proved.
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