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Abstract—In this paper, we study the throughput and
delay scaling laws for cognitive radio network with stat-
ic primary users and heterogeneous mobile secondary
users coexist in the unit planar region for both with-
out base-station case and with base-station case. The
primary network consists of n randomly and uniformly
distributed static primary users with higher priority to
access the spectrum. The secondary network consists of
m = (h + 1)n1+ε heterogeneous mobile secondary users
with h = O(log n)∗ and ε > 0, which should access the
spectrum opportunistically. Each secondary user moves
within a circular region, centered at its home-point with
a restricted speed. The moving region of each mobile
SU is n−α, where α is a random variable following the
discrete uniform distribution with h + 1 different values,
ranging from 0 to α0 (α0 > 0). We propose a scheme
which consists of routing and scheduling schemes and
show that the primary network and secondary network
can achieve near-optimal throughput and delay scalings
if we increase the heterogeneity of secondary users. In
this near-optimal condition, both the primary network
and part of the secondary network can achieve constant
throughput and delay scalings except for poly-logarithmic
factor. Furthermore, we study the case that there are
nβ uniformly distributed static base-stations (BSs) where
β > 0 and propose the corresponding scheme for PUs, SUs
and BSs. Finally, the theoretical results indicate that if β is
large enough, BSs can improve the throughput and delay
performance by relaying packets through cable backhaul.
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∗We use standard asymptotic notations in our paper. Consider t-
wo nonnegative function f(·) and g(·): (1) f(n) = o(g(n))
means limn→∞ f(n)/g(n) = 0. (2) f(n) = O(g(n)) mean-
s limn→∞ f(n)/g(n) < ∞. (3) f(n) = ω(g(n)) mean-
s limn→∞ f(n)/g(n) = ∞. (4) f(n) = Ω(g(n)) means
limn→∞ f(n)/g(n) > 0. (5) f(n) = Θ(g(n)) means f(n) =
O(g(n)) and g(n) = O(f(n)). (6) f(n) = Θ̃(g(n)) means that
f(n) = Θ(g(n)) when poly-logarithmic factors are ignored.

I. INTRODUCTION

The throughput scaling laws for large-scale wire-
less ad hoc networks has been extensively studied
since the seminal work of P. Gupta and P. R.
Kumar [2]. They focused on the random wireless
network with n static nodes randomly located in
the unit area and indicated that the network could
achieve a per-node throughput of Θ(1/

√
n log n). In

contrast to the static wireless network, the capacity
performance could be significantly improved when
the nodes are mobile. In [3] and [4], D. Tse and
Neely et al. showed the mobile network could
achieve a per-node throughput of Θ(1) with the
cost of huge delay Θ(n) under the 2-hop relay
algorithm. Afterwards, various mobility models and
corresponding capacity and delay have been studied
in later works which include the i.i.d. mobility mod-
el [5] [6], random way-point mobility model [7],
random walk mobility model [8] [9], and also the
recently proposed restricted mobility model [10] and
speed-restricted mobility model [11].

The previous works mainly focused on the capac-
ity and delay scaling for a single network. In recent
years, the low efficiency of the licensed spectrum
utilization was pointed out by recent measurement
[12], and therefore Federal Communications Com-
mission (FCC) proposed the recommendation in
[12] and [13] which allowed the unlicensed device
to sense and access the licensed spectrum oppor-
tunistically, which leads to better resource utiliza-
tion [14] [15]. This recommendation motivated the
study of capacity and delay scaling laws of cognitive
radio networks (CRN) that considers the coexistence
of licensed primary users (PUs) and the unlicensed
secondary users (SUs). In [16], Jeon et al. assumed
that SUs know the location of all PUs, and they also
proposed a scheme to guarantee that both SU and
PU networks can simultaneously achieve the same
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throughput scaling law as a stand-alone networks.
In [17], Yin et al. studied a more realistic condition,
in which the SUs only know the location of primary
transmitters. They also showed that capacity scaling
of both PU and SU networks are the same as the
stand-alone networks when the density of secondary
users is higher than primary users.

Those aforementioned results mainly focused on
the static CRN and neglected the possible coopera-
tion between two coexisting networks. Therefore,
Gao et al. [18] proposed a supportive cognitive
network, in which the static or mobile SUs may
route packets for the PUs. Particularly, when the
SUs are moving according to the i.i.d. mobility
model, the PUs could achieve the per-node through-
put scaling of λp = Θ(1/ log n) with the delay
scaling of Dp = Θ(1), and the throughput and
delay of the secondary user are λs = Θ(1) and
Ds = Θ(m), respectively. However, this cooperative
scheme requires the number of supportive SUs
m must be at least Θ(n2), which casts a heavy
burden on its implementation. In order to reduce
the number of secondary users, Wang et al. [19]
derived a cooperation scheme which could achieve
the near-optimal capacity and delay scaling for PU
networks with less supportive mobile SUs. This
is achieved by dividing the SUs into h different
layers and each layer mobile secondary users are
associated with different moving regions. However,
in order to regulate the moving region of different
layer SUs, this network model requires a strict cell
partition scheme, which arbitrarily partitioned the
whole network into h different layer cells, and each
layer SUs could only move within the corresponding
layer cell.

Motivated by the advantage of the cooperation
between PUs and SUs, we focus on the support-
ive CRN which has static PUs and heterogeneous
mobile SUs. Specifically, all the m = (h + 1)n1+ε

secondary users (h = O(log n), ε > 0) will follow a
local speed-restricted mobility model [11], in which
they would move according to the i.i.d. mobility
model within fixed circular region of radius R and
randomly distributed static center point. In addition,
the moving region of each mobile SU is a circle with
radius n−α, where α is a random variable which
follows the discrete uniform distribution with h+ 1
different values, ranging from 0 to α0 (α0 > 0). We
call this mobility model the heterogeneous speed-
restricted mobility model (HSRM), which can be

employed in machine-to-machine (M2M) networks
[21], etc. In M2M networks, the movement charac-
teristics of different machines may be quite differ-
ent. For example, some important machines, such as
center control machines or sink machines, may not
move frequently, and they can be treated as primary
users. However, some other machines, such as data
measuring machines or portable machines, may
move with very high speed, and they can be treated
as secondary users. Although the location of each
primary machine changes not frequently, the wired
communication is still difficult to be realized. There-
fore, the multi-hop wireless communication with
the help of secondary machines becomes necessary.
Moreover, comparing with the high speed secondary
machines, the primary machines can be treated as
static in a relatively short time. Consequently, the
above condition can be modeled by HSRM. Addi-
tionally, the heterogeneity of secondary user in the
studied model shows the fact that each secondary
machine has its own working area.

Furthermore, it was proved in [22] and [23] that
base-station can help to improve network perfor-
mance, and therefore the models consisting of a
primary network with base-stations and a secondary
cognitive network were widely studied [24]. Thus,
we consider two conditions in this paper, i.e., no
base-station (BS) case and within BSs’ coverage
case, both of which are significant scenarios consid-
ered in LTE device to device communication tech-
nology [25]. Our main contributions are summarized
as follows:

• Under HSRM without BS, we propose a dis-
tributed scheme for PUs and SUs which can
achieves the near-optimal PU throughput λp =
Θ( 1

logn
) and delay Dp = Θ(log4 n) when

h = Θ(log n) and α0 ≥ 1 + ε. Meanwhile, the
SU networks can also reach the near-optimal
throughput scaling λs = Θ( 1

log3 n
) with an

average delay scaling of Ds,kd = O(log4 n), if
kd ≥ h∗; and Ds,kd = O(n(1+ε− kdα0

h
) log3 n),

if kd < h∗. Here kd denotes the type of
destination SU and h∗ is the critical relay type,
both of them will be defined later. Thus, part
of the SU networks can also achieve both
the near-optimal throughput and delay scaling.
Furthermore, the impact of secondary network
heterogeneity on network performance is also
demonstrated in the detailed analysis.
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• Under HSRM with BS, we further analyze the
impact of the BS density on the throughput
and delay performance. The theoretical results
indicate the relation between the density of BSs
and network performance, which shows that
better throughput and delay performance can
be achieved due to higher density of BSs. The
required BS density for improving the network
performance is derived, and the theoretical re-
sults are shown in Table III, which is helpful for
the base-station construction in CR network.
Moreover, the throughput and delay are proved
to be more close to optimal ones comparing
with the no BS case.

The rest of the paper is organized as follows.
In Section II, we describe the system model. The
schemes for no BS case and within BS coverage
case are proposed in Section III and Section IV,
respectively. In Section V and Section VI, the
throughput and delay scalings for primary network
and secondary network are derived, respectively.
Moreover, the results are discussed in Section VII.
Finally, we conclude our paper in Section VIII.

II. SYSTEM MODEL

A. Network Topology

We will study a static primary network and a
mobile secondary network coexist in the unit square
region. The primary network consists of n randomly
and evenly distributed static primary users, which
are randomly grouped into source-destination (S-D)
pairs.

Moreover, there are m = (h + 1)n1+ε random-
ly distributed mobile secondary users with h =
O(log n) and ε > 0, which move under the heteroge-
neous local speed-restricted mobility model defined
later. All the secondary users are also randomly
grouped into S-D pairs.

Furthermore, we also consider another case that
there are some base-stations (BSs) in the network.
In our paper, we assume that there are nβ static BSs
uniformly distributed in the network, where β is a
constant. The uplink (user to BS) carrier frequency
is the same as PU’s and SU’s [25]. Each BS covers
an area of size n−β . Therefore, we define the BS-cell
as the square region centered at each BS with side
length rBS = Θ(n−

β
2 ). Moreover, the downlink (BS

to user) transmission range is assumed to be the side

length of a BS-cell, and the corresponding downlink
carrier frequency is different from the carrier for
user-to-user transmission [25].

B. Transmission Model

In this work, time is divided into some time slots
which are of the same length. If a transmission
pair in one cell is allowed to be active, they can
transmit one packet in one time slot. Moreover,
for the channel model, we only consider path loss
of wireless channel and ignore the influence of
shadowing or fading for simplicity. Thus, the well-
known protocol model can be employed, which
is a simplified version of physical model [2]. In
this model, the unit square region is divided into
non-overlapping small cells, each covers an area of
2 logN
N

with side length r =
√

2 logN
N

, here N = n1+ε.
Every node can only communicate with another
node inside the same cell. Hence the transmission
range in our scheme is set to be one cell for both the
primary network and secondary network. The cellu-
lar structure is shown in Figure 1. At last, the cable
backhaul among BSs is considered. The capacity of
backhaul is assumed to be infinite comparing with
the capacity of wireless transmission because they
can be connected by fiber. Thus, the time of the
transmission among BSs through backhaul can be
ignored comparing with one time slot.

C. Mobility Model

The secondary users would move under the het-
erogeneous speed-restricted mobility model (HSR-
M). In this heterogeneous model, there are h + 1
speed levels, where h = O(log n), and each SU’s
speed level is randomly selected from them. It
should be noticed that the speed level of each SU
is considered to be fixed in this paper. After the
speed level selection, all of the SUs can be divided
into h + 1 types, i.e., the SUs selecting speed
level k are denoted as type k SUs. Since all the
m = (h+ 1)n1+ε SUs are evenly divided into h+ 1
different types, each type consists of N = Θ(n1+ε)
mobile secondary users with probability 1 when n
goes to infinity.

In HSRM, for the ith SU of type k, there is
a corresponding home-point located at Xk,i which
is the mobility center of the SU. This SU moves
within the circle centered at Xk,i with radius Rk,
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i.e., the probability density function of its position
Sk,i follows

f(Xk,i) =

{ 1
πR2

k
, if ‖Sk,i −Xk,i‖ ≤ Rk,

0, if ‖Sk,i −Xk,i‖ > Rk,
(1)

which indicates the fact that people are more like-
ly to be within the region where they live [26].
Moreover, the Rk satisfies Rk = Θ(n−

αk
2 ), where

αk = kα0

h
. Therefore, the moving area of a type

k SU can be expressed as Ak = n−
kα0
h , where

0 ≤ k ≤ h. Furthermore, since the home-points
are static in this model, the positions of SUs in
the network can be known by each user at the
beginning.

For type k SU, the expectation of moving distance
in one time slot is Θ(n−

αk
2 ), and thus the speed of

type k SU is Θ(n−
αk
2 ) per-timelsot. Hence, there

are m SUs moving in the network with h + 1
different speeds. Moreover, the value of α0 rep-
resents how heterogeneous the SUs are, i.e., the
α0 determines the maximum speed difference in
the network. Furthermore, h determines the number
of SU types in the network, and moreover it also
impacts the minimum speed difference for a fixed
α0. Therefore, the α0 and h can be jointly treated
as the heterogeneity factors. Finally, the mobility
model is illustrated in Fig. 1.
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Fig. 1. Cellular structure and moving region of Sk,i and Sk′,i′

D. Definitions and Notations
Definition 1. (Per-node Throughput) For a given
scheme, the per-node throughput is defined as the

maximum achievable transmission rate as in [2]. In
t time slots, there are M(i, t) packets transmitted
from node i to its destination. Firstly, the long term
per-node throughput is defined by Ti(n) as

Ti(n) = lim inf
t→∞

1

t
M(i, t). (2)

Afterwards, the per-node throughput of this model
for a given scheme is defined by the maximum λ(n)
that satisfies

lim
n→∞

P(Ti(n) ≥ λ(n) for all i) = 1. (3)

In particular, for the primary network, we denote
the corresponding per-node throughput as λp (no
BS case) and λBSp (BS case). Moreover, the per-node
throughput are denoted as λs (no BS case) and λBSs
(BS case) for the secondary network.

Definition 2. (Delay) For a given scheme, assuming
that the source sends the packet to the network at
time slot ts and the destination receives the packet at
time slot td, the delay is defined as the average value
of td−ts, i.e., E{td−ts}. It should be noted that the
operation time spent in coding/decoding is assumed
to be negligible compared to the transmission time.

In particular, we denote the delay as Dp (no BS
case) and DBS

p (BS case) for the primary network.
Furthermore, for the secondary network, the delay
are denoted as Ds,kd (no BS case) and DBS

s,kd
(BS

case) for the condition that the destination is a
type kd SU. It should be noticed that the delay for
different destination types are not the same.

Finally, we list some notations in Table I.

III. ROUTING AND SCHEDULING SCHEMES FOR
NO BS CASE

In this section, we will propose the scheme in
our CRN without BS, which would utilize the het-
erogeneity of mobile secondary users. The scheme
in our paper consists of two parts: the routing
scheme and scheduling scheme. We will introduce
and analyze them respectively.

A. Primary Network Routing Scheme without BS
In our scheme, the secondary users could act as

the relay for the primary packets, and therefore there
is cooperation among primary users and secondary
users. Moreover, since the number of secondary
users is larger than primary users in order sense,
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TABLE I
IMPORTANT DEFINITIONS OF SYMBOLS AND NOTATIONS

Symbol Definition
α0 The parameter determines the maximum speed

difference between SUs
h+ 1 Number of types of SU
N Number of SUs in each type
h∗ Critical relay type
h� First relay type
r The side length of one cell
Ak The moving region of kth-type SU
Rk The moving radius (speed) of kth-type SU
rBS The radius of BS-cell
Pi The position of ith primary user
Sk,i The position of the ith secondary user of type

k
Xk,i The home-point of the ith secondary user of

type k
λp, λ

BS
p Per-node throughput of the primary network

for no BS case and BS case
λs, λ

BS
s Per-node throughput of the secondary network

for no BS case and BS case
Dp, D

BS
p Delay of primary S-D pairs for no BS case and

BS case
Ds,kd , D

BS
s,kd

Delay for secondary S-D pairs with a kdth-type
destination for no BS case and BS case

it is reasonable to consider all the primary packets
would be relayed by secondary users.

Because the moving region of SUs under HSRM
is ranging from globally to regionally, our relay
algorithm would utilize this mobility heterogeneity
to make the packets approach their destination pro-
gressively. Specifically, the primary packet would be
relayed by a chain of different type secondary users,
among which the primary destination node is within
the moving region of the relay nodes. This relay
procedure starts from a 0 type SU and will continue
until the packet is relayed to a particular type SU
which is close enough to the primary destination
node.

Since the secondary users with larger type would
correspond to a smaller region, the mobility cannot
be exploited if the moving region of certain type
SUs is small enough. Consequently, we need to find
the maximum type of secondary users that can be
exploited to relay the primary packets, which leads
to the following definition:

Definition 3. (Critical Relay Type) The critical
relay type h∗ is denoted by:

h∗ = max {k|Rk ≥ 2
√

2r}, (4)

where k = 0, 1, ..., h.

From the above definition, we can derive the
value of critical relay type as follows:

h∗ =

{
h, if α0 < 1 + ε,

bh( 1+ε
α0
− log logn+log 16π(1+ε)

α0 logn )c, if α0 ≥ 1 + ε.

(5)

Here, bxc = max{n ∈ Z|n ≤ x}. And it can be
seen that h∗ = Θ(h).

By introducing the critical relay type, the primary
relay algorithm would utilize the relay nodes from
type 0 to type h∗. Thus, the number of relay step
will be h∗ + 2 and the primary relay algorithm is
shown in Algorithm 1.

Algorithm 1 Relay Algorithm for Primary Packet
Bp without BS
Input: The primary source node Ps and destination

node Pd
Output: The h∗ + 1 intermediate secondary relay

nodes
1: Ps relays Bp to a 0 type SU S0,i, when S0,i

moves to the same cell as Ps.
2: for k=0 to (h∗ − 1) do
3: Sk,i† moves within its moving region until it

meets a type k+1 SU Sk+1,i‡ in the same cell,
whose home-point satisfies ‖Xk+1,i‡−Pd‖ <
Rk+1 −

√
2r and ‖Xk+1,i‡ −Xk,i†‖ < Rk.

4: Sk,i† relays Bp to Sk+1,i‡ .
5: end for
6: Sh∗,i∗ moves within its moving region until it

arrives at the same cell as Pd.
7: Sh∗,i∗ relays Bp to Pd.

Before proving the feasibility of the relay al-
gorithm, we would first present the following two
lemmas.

Lemma 1. Denote Cr(x) as the circle with radius r,
which is centered at point x. If two circles Cr1(x1)
and Cr2(x2) satisfies:

r1 ≥ r2, ‖x1− x2‖ < r1. (6)

Then the overlap region of the two circles, denoted
as Cr1(x1) ∩ Cr2(x2), satisfies:

π

3
r22 < Cr1(x1) ∩ Cr2(x2) ≤ πr22. (7)

Lemma 1 can be proved using the basic geometry
knowledge and thus we do not provide the proof
here.
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Lemma 2. If z number of nodes are randomly and
uniformly distributed in the unit square, then we can
ensure at least zπR2

2 log(1/R)+πR2 nodes are placed in a
circle with radius R with high probability.

We refer readers to Theorem 4.1 in [11] for a
detailed proof of Lemma 2.

Based on Lemma 1 and Lemma 2, we have the
following lemma which guarantees the feasibility of
the relay algorithm.

Lemma 3. With a random positive heterogeneity
factor α0 and h = O(log n), the number of eligible
relay SUs in each step of Algorithm 1 is larger than
1 with high probability.

Proof: First we note that each type has N =
n1+ε different secondary users. Since all the type 0
SUs will move globally in the network, the eligible
number of relay SUs for the first step is N , which
is larger than 1 obviously.

Next, for 0 ≤ k ≤ (h∗ − 1), considering the step
during which the primary packet is relayed from
Sk,i† to a (k+1)th-type SU Sk+1,i‡ . All the (k+1)th-
type SUs whose home-points satisfy ‖Xk+1,i‡ −
Pd‖ < Rk+1 −

√
2r and ‖Xk+1,i‡ − Xk,i†‖ < Rk

can be the eligible relay node. Thus, the home-
point for the eligible (k + 1)th-type relay SUs
should reside in the overlap region of CRk(Xk,i†)
and CRk+1−

√
2r(Pd), where Pd is the destination

node.
Obviously, for 0 ≤ k ≤ (h∗− 1), CRk(Xk,i†) and

CRk+1−
√
2r(Pd) satisfies the condition in Lemma 1.

Thus, denote CRk(Xk,i†) ∩ CRk+1−
√
2r(Pd) as Φk+1,

then π
3
(Rk+1 −

√
2r)2 < Φk+1 ≤ π(Rk+1 −

√
2r)2.

Since Φk+1 decreases with k, we only need to
guarantee there will be at least one eligible h∗-type
relay SU.

The home-points of eligible h∗-type relay SUs
reside in the region with area Φh∗ , where π

3
(Rh∗ −√

2r)2 < Φh∗ ≤ π(Rh∗ −
√

2r)2. By the definition
of h∗, it can be proved that:

πN
3

(Rh∗ −
√

2r)2

2 log(1/Rh∗ −
√

2r) + π(Rh∗ −
√

2r)2
> 1. (8)

Thus, based on Lemma 2, there exists at least one
eligible h∗-type SU resides in Φh∗ .

B. Secondary Network Routing Scheme without BS
Similar to the primary network routing scheme,

the secondary network would also utilize the co-

operation among different type of SUs to make the
secondary packets approach the destination progres-
sively.

Pick a random secondary source node Sks,is ,
whose corresponding destination node is Skd,id , and
the packet from Sks,is to Skd,id is denoted by Bs.
The number of relay steps for Bs will depend on
the value of kd and h∗. Specifically, when kd > h∗,
Bs will be relayed from a 0-type relay SU down
to an h∗-type relay SU. On the other hand, when
kd ≤ h∗, Bs will only be relayed from a 0-type SU
down to a kdth-type SU.

Thus, if we denote h
′

= min(kd, h
∗), the relay

process of Bs will take up h
′

+ 2 steps. Due to
the mobility of secondary transmitters and receiver,
the secondary relay algorithm is different from the
primary network, as shown in Algorithm 2. From
Lemma 3, we can also guarantee the feasibility of
the secondary relay algorithm.

Algorithm 2 Relay Algorithm for Secondary Packet
Bs without BS
Input: The source node Sks,is and destination node

Skd,id
Output: The h

′
+ 1 intermediate secondary relay

nodes
1: Sks,is moves within its moving region until it

meets a 0-type SU S0,i in the same cell.
2: Sks,is relays Bs to S0,i.
3: for k=0 to (h

′ − 1) do
4: Sk,i† moves within its moving region until it

meets Sk+1,i‡ in the same cell, whose home-
point satisfies ‖Xk+1,i‡ − Xkd,id‖ < Rk+1 −√

2r and ‖Xk+1,ii‡ −Xk,i†‖ < Rk.
5: Sk,i† relays Bs to Sk+1,i‡ .
6: end for
7: Sh′ ,i′ moves within its moving region until it

encounters Skd,id in the same cell.
8: Sh′ ,i′ relays Bs to Skd,id .

C. Primary Scheduling Scheme without BS
The scheduling scheme would choose which pri-

mary or secondary S-D pair to be activated in
each time slot. In order to ensure equal opportunity
for all the cells to be activated and also limit the
interference among concurrent transmissions, a K2-
TDMA scheme is adopted [17], which allows every
closed K2 cells (according to a K × K pattern)
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to be active with a round-robin fashion, where K
is constant and should satisfy the protocol model.
Thus, K is defined as K = d1 + (1 + ∆)

√
2e.

According to the K2-TDMA scheme, the primary
scheduling scheme is described as follow:

Primary Scheduling Scheme: During the active
period of each cell, randomly select a source PU Ps
in this cell (if there is any). Let Ps relay a primary
packet Bp to a random 0-type SU S0,i, if there exists
0-type SU in this cell.

D. Secondary Scheduling Scheme without BS
The secondary network shares the same time

frame structure with the primary network, and a K2-
TDMA scheme is also adopted by the secondary
network.

Despite secondary users are required to relay
the primary packets, they still need to control the
interference for the primary users. We would define
the preservation region so as to keep the interference
from the SUs to PUs. To be specific, the preser-
vation region is a square region that contains k2

cells, with the current active primary transmitter at
the center cell. Only the secondary users outside
any current preservation region can transmit or relay
packets.

Since the secondary users are required to relay
not only secondary packets, but also primary pack-
ets, we have proposed a scheduling scheme which
would guarantee transmission opportunity for both
the primary packets and secondary packets.

Specifically, the secondary scheduling scheme
would consist of 2h∗ + 3 phases and each phase
consumes one time slot. Note during each phase, if
the SUs are inside the current preservation region,
they can only buffer the packets, or the SU of
0-type may receive the primary packets when it
is in the same cell as a primary user. Otherwise,
the secondary network would operate under the
following phases:

For k = 1, 2, ..., h∗,
Phase k: During the active period of each cell,

all pairs of nodes (Sk−1,i† , Sk,i‡) residing in
this cell are eligible for transmission in this
phase, if Sk−1,i† contains a primary packet Bp

to relay and Sk,i‡ can act as the kth-type relay
SU for this Bp. One of such node pairs would
be randomly selected to transmit if the eligible
transmission node pair is non-empty in this
cell.

Phase (h∗+ 1): During the active period of each
cell, all pairs of nodes (Sh∗,i∗ , Pd) residing in
this cell are eligible for transmission in this
phase, if Sh∗,i∗ contains a primary packet Bp

destined to Pd. One of such node pairs would
be randomly selected to transmit if the eligible
transmission node pair is non-empty in this
cell.

Phase (h∗+ 2): During the active period of each
cell, randomly select a source SU Sks,is in
this cell (if there is any). Let Sks,is relay a
secondary packet Bs to a random 0-type SU
S0,i, if there exists any 0-type SU in this cell.

Phase (h∗ + 2 + k): During the active period of
each cell, two types of SU pairs residing in this
cell are eligible for transmission in this phase:
(1) node pair (Sk−1,i† , Skd,id) which satisfies:
Sk−1,i† contains a secondary packet Bs des-
tined to Skd,id; or (2) node pair (Sk−1,i† , Sk,i‡)
which satisfies: Sk−1,i† contains a secondary
packet Bs to relay and Sk,i‡ can act as the kth-
type relay SU for Bs. One of such node pairs
would be randomly selected to transmit if the
eligible transmission node pair is non-empty
in this cell.

Phase (2h∗+3): During the active period of each
cell, all pairs of nodes (Sh∗,i∗ , Skd,id) (h∗ ≤
kd ≤ h) residing in this cell are eligible for
transmission in this phase, if Sh∗,i∗ contains a
secondary packet Bs destined to Skd,id). One
of such node pairs would be randomly selected
to transmit if the eligible transmission node
pair is non-empty in this cell.

IV. ROUTING AND SCHEDULING SCHEMES FOR
BS CASE

In this section, we will propose the scheme for
the network with BSs, which also consists of routing
and scheduling schemes.

A. Primary Network Routing Scheme with BS

Since there are BSs in the network, both sec-
ondary user and BS could act as relay for the
primary user. Moreover, each BS is a long-term
and controllable relay which is different from sec-
ondary user. When a BS receives a packet, it will
transmit the packet to the BS which is close to the
destination. This transmission may be a long-term
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transmission and it is also controllable based on the
backhaul.

However, if there are so few BSs in the network
comparing with the number of primary users, there
will be congestion among the users in each BS-
cell, which causes worse throughput and delay. We
will discuss about how many BSs are appropriate in
order to improve the performance in Section VII.

In each BS-cell, every primary user will transmit
packet to the nearest BS in the similar way as
in Algorithm 1. However, we do not need type
0 secondary user to act as the first relay because
the distance between primary user and BS is O(1)
which is smaller than that in no BS case. Therefore,
we need to find the maximum type of secondary
users that its moving region is larger than rBS ,
which leads to the following definition.

Definition 4. (First Relay Type) The First relay type
h� for BS case is denoted by:

h� = max {k|Rk ≥ rBS}, (9)

where k = 0, 1, ..., h.

From the above definition, we can derive the
value of first relay type as follows:

h� =

{
h, if β > α0,

bhβ
α0
c, if β ≤ α0.

(10)

It can be found that h� = Ω(1).
By introducing the first relay type, if β < 1 + ε,

the primary relay algorithm would utilize the SUs
from type h� to type h∗. Thus the number of
SU relay steps will be max{h∗ − h�, 1} + 1. If
β ≥ 1 + ε, the primary user can transmit packet
to the BS directly because rBS < r in this case.
Moreover, when BS needs to transmit packet to
the destination, it can send the packet directly to
the destination on the downlink resource, which is
different from the uplink resource [25]. Hence, the
primary relay algorithm with BS can be proposed
based on Algorithm 1 as in Algorithm 3.

B. Secondary Network Routing Scheme with BS
The secondary network routing scheme is similar

to the primary network routing scheme with BS. We
also pick a random secondary source node Sks,is ,
whose corresponding destination node is Skd,id , and
denote h′ = min(j, h∗). If β < 1 + ε and h� < h

′ ,
the packet will be transmitted from Sks,is to an

Algorithm 3 Relay Algorithm for Primary Packet
Bp with BS
Input: The primary source node Ps and destination node Pd
Output: The intermediate secondary relay nodes

1: if β ≥ 1 + ε then
2: Ps transmits Bp to the nearest BS BSs.
3: Bp is relayed to BSd closed to Pd through backhaul

and then transmitted to Pd directly.
4: else
5: Ps relays Bp to an h� type SU Sh�,i, when Sh�,i moves

to the same cell as Ps.
6: for k = h� to (h∗ − 1) do
7: Sk,i† moves within its moving region until it meets

Sk+1,i‡ in the same cell, whose home-point satisfies
‖Xk+1,i‡ − BSs‖ < Rk+1 −

√
2r and ‖Xk+1,i‡ −

Xk,i†‖ < Rk, where BSs is the nearest BS to the
Ps.

8: Sk,i† relays Bp to Sk+1,i‡ .
9: end for

10: Sh∗,i∗ moves within its moving region until it arrives
at the same cell as BSs.

11: Sh∗,i∗ relays Bp to BSs.
12: Bp is relayed to BSd closed to Pd through backhaul

and then transmitted to Pd directly.
13: end if

h�th-type SU and then relayed to the BS close to
Xks,is through max{h′ −h�, 1} SUs. After that, the
packet will be transmitted to another BS close to
Skd,id through backhaul. Finally, the packet can be
sent from this BS to Skd,id directly on downlink
resource. If β < 1 + ε and h� ≥ h

′ , the packet
will be transmitted from Sks,is to an h

′th-type SU
and then relayed to the BS close to Sks,is directly
instead of through multiple SUs. After that, the
packet will be transmitted from another BS (close
to the destination) to Skd,id directly on downlink
resource. Furthermore, if β ≥ 1 + ε, the packet will
be transmitted from Sks,is to the nearest BS directly
and then transmitted from another BS to the Skd,id
directly. Since the relation between this scheme and
Algorithm 2 is similar to that between Algorithm 1
and 3, we do not show the detailed algorithm for
brevity.

C. The Scheduling Scheme with BS
In this subsection, we analyze the scheduling

scheme for PU, SU and BS. For primary user, the
TDMA scheme is adopted to ensure the interference
can be ignored. From the primary relay algorithm,
the primary packets would be relayed by SUs and
BSs, which is different from the no BS case.
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Primary Scheduling Scheme with BS: During the
active period of each cell, randomly select a source
PU Ps in this cell (if there is any). Let Ps relay
a primary packet Bp to a SU or BS based on
Algorithm 3.

For secondary user and BS, we also adopt the
K2-TDMA scheme to control the interference for
the primary users. Moreover, the preservation region
is also the same as above. However, when there
are BSs in the network, the number of hops from
source to destination is no longer Θ(h∗). Instead,
the secondary and BS scheduling scheme consist
of only (2 max{h∗ − h�, 0} + 3) phases. The main
idea for this scheduling is that the packet will be
transmitted to the nearest BS and relayed from
another BS (which is close to the destination) to
the destination.

For k = 1, 2, ...,max{h∗ − h�, 0},
Phase k: During the active period of each cell, all

pairs of nodes (Sk+h�−1,i† , Sk+h�,i‡) residing in
this cell are eligible for transmission in this
phase. If Sk+h�−1,i† contains a primary packet
Bp, and it will be transmitted to a BS later,
Sk+h�,i‡ can act as the (k + h�)th-type relay
SU for this Bp. One of such node pairs would
be randomly selected to transmit if the eligible
transmission node pair is non-empty in this
cell.

Phase (max{h∗ − h�, 0} + 1): During the ac-
tive period of each cell, all pairs of nodes
(Sh∗,i∗ , BSs) residing in this cell are eligible
for transmission in this phase, where BSs is
the BS close to the source. If Sh∗,i∗ contains
a primary packet Bp destined to BSs. One of
such node pairs would be randomly selected to
transmit if the eligible transmission node pair
is non-empty in this cell. Moreover, the BSs
sends the packet to the BS close to Pd (denoted
as BSd) through backhaul. Afterwards, the
BSd transmits the packet to Pd directly on
downlink resource. It should be noted that the
BS-to-BS and BS-to-destination transmissions
are operated on different wireless resources,
and therefore they do not affect the phase
count.

Phase (max{h∗ − h�, 0}+ 2): During the active
period of each cell, randomly select a source
SU Sks,is in this cell (if there is any). Let Sks,is
send a secondary packet Bs to a random h�-
type SU Sh�,i, if there exists any h�-type SU

in this cell.
Phase (k + max{h∗ − h�, 0} + 2): During the

active period of each cell, all pairs of n-
odes (Sk+h�−1,i† , Sk+h�,i‡) residing in this cell
are eligible for transmission in this phase. If
Sk+h�−1,i† contains a secondary packet Bs, and
it will be transmitted to a BS later, Sk+h�,i‡ can
act as the (k+h�)th-type relay SU for this Bs.
One of such node pairs would be randomly
selected to transmit if the eligible transmission
node pair is non-empty in this cell.

Phase (2 max{h∗ − h�, 0} + 3): During the ac-
tive period of each cell, all pairs of nodes
(Sh∗,i∗ , BSs) residing in this cell are eligible
for transmission in this phase, where BSs is
the BS close to the source. If Sh∗,i∗ contains a
secondary packet Bs destined to BSs. One of
such node pairs would be randomly selected
to transmit if the eligible transmission node
pair is non-empty in this cell. Moreover, the
BSs sends the packet to the BS (denoted
as BSd) close to its corresponding secondary
destination through backhaul. Afterwards, the
BSd transmits the packet to the destination
directly on downlink resource. Similar to the
phase (max{h∗−h�, 0}+1), the BS-to-BS and
BS-to-destination transmissions do not affect
the phase count.

V. THROUGHPUT AND DELAY SCALINGS FOR
THE PRIMARY NETWORK

In this section, we would first evaluate the
throughput scaling of the primary network, and then
study the delay performance for the primary net-
work. In order to simplify the analysis, we define the
input process as the transmission from the source to
the first relay SU or BS. Moreover, the relay process
is defined as the multi-hop transmission from the
first relay to the last relay (no BS case) or the BS
(with BS case). Finally, the output process is the
transmission from the last relay (no BS case) or the
BS (with BS case) to the destination.

A. Throughput Performance

In this part, we first give the following lemmas:

Lemma 4 (Ji et al. [28]). Assume x nodes are
placed into y equal-sized areas randomly, evenly
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and independently. Let Z(x, y) be the random vari-
able that counts the maximum number of nodes in
any area. Then with high probability,

Z(x, y) =
Θ(xy ), if x� y log y,

Θ(log y), if x = cy log y for some constant c,
Θ( log y

log y log y
x

), if y
polylog(y) ≤ x� y log y,

Θ( log y
log y

x
), if x < y

log y .

(11)

Lemma 5. At any moment, there are at most Θ(1)
PUs in any cell with high probability.

Proof: In our scheme, n PUs are randomly and
evenly distributed into 1

r2
= N

2 logN
cells. According

to the last condition in Lemma 4, the maximum
number of PUs in any lattice should be Θ(1)

Lemma 6. At any moment, for 0 ≤ k ≤ h, the
number of kth-type secondary users in each cell is
at most Θ(log n) with high probability.

Proof: There are N = n1+ε SUs in each
type. Since their home-points are randomly and
evenly distributed in the network and all the SUs
moving according to the i.i.d. mobility model in
their moving region, we can use the result of Lem-
ma 4. According to condition 2 of Lemma 4, the
maximum number of kth-type SU in each cell is
Θ(logN) = Θ(log n).

Lemma 7. During the routing process of primary
packets for both no BS case and BS case, the
primary transmitters, secondary relay nodes and
BSs can support a constant data rate in each cell.

Proof: The transmissions for each primary
transmitter, secondary relay node or BS are similar.
Therefore, we can calculate the data rate for them in
the same way. We only give the proof for primary
transmitter.

In order to prove that every node could support
a constant data rate, we divide the whole primary
routing process into three parts: input, relay and
output.

Considering the input process, during which the
primary transmitters would relay the primary packet
to a SU or BS (denote as relay R0,i) in the same
cell. Since a K2-TDMA scheme is adopted, so the
data rate of the primary transmitter could be given

as:

R(Ps, R0,i) =
1

K2
log(1+

Ppg(‖Pi −Ri,0‖)
N0 + Ip + Is

), (12)

where Ps is the primary transmitter, g(‖Pi−Ri,0‖) =
(‖Pi − Ri,0‖)−γ is the path-loss between Pi and
Ri,0, and γ > 2. Moreover, Ip and Is are the
sum interference from PUs and SUs, respectively.
1
K2 is introduced by dividing the primary time slot
into K2 TDMA sub-slots. Since we have restricted
the transmission range to be within a cell, so the
transmission power for the primary transmitter is
Pp = Prγ , where P is a constant and r is the side
length of a cell.

Since the transmission is within a lattice, so ‖Ps−
R0,i‖ ≤

√
2l, we can obtain:

Ppg(‖Pi −Ri,0‖) = Prγ(‖Pi −Ri,0‖)−γ

≥ Prγ(
√

2r)−γ

= P (
√

2)−γ.

(13)

Then we should consider Ip, which is the sum in-
terference from the concurrent primary transmitters.
Since the K2-TDMA scheme is adopted, the Ip is
bounded by:

Ip =
n∑

j=1,j 6=i

Ppg(‖Pk −Ri,0‖)

= Θ

(
n

∫ 1

x=Kr

Prγx1−γdx

)
= o(1).

(14)

Next we should bound the sum interference from
the concurrent secondary transmitters. In the input
process, a minimum distance of r could be guaran-
teed from all the concurrent secondary transmitters
to R0,i. Since the secondary network also employ
the K2-TDMA scheme, Is is bounded by:

Is =

n
logn∑
k=1

Psg(‖Sk −Ri,0‖)

= Θ

(
n
∫ 1

x=Kr
Prγx1−γdx

log n

)
= Θ(1).

(15)

Combining all the three terms together, we could
show that the transmission rate for the input process
is bounded by

R(Ps, R0,i) =
1

K2
log(1 +

Ppg(‖Ps −R0,i‖)
N0 + Ip + Is

) = Θ(1).

(16)
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After we have considered the input process, we
would turn to the relay process for the primary
packet. Specifically, in the relay process, when the
packet is relayed from Sk,i† to Sk+1,i‡ , the data rate
is regulated by a constant

R(Sk,i† , Sk+1,i‡) =
1

K2
log(1 +

Psg(‖Xk,i† −Xk+1,i‡‖)
N0 + Is + Ip

).

(17)
By using similar method as the input process, Is

and Ip can be bounded by a constant, and hence
the data rate for the relay process is also a constant.
Moreover, the rate of output process can be proved
to be constant too. Consequently, this finishes the
proof for primary transmitter and the SU and BS
case can be proved in the same way.

According to the primary scheduling scheme and
the results of Lemma 5 and Lemma 7, we can
derive the following theorem that counts the per-
node throughput of the primary network.

Theorem 1. Under the proposed primary relay
algorithm, the primary network can achieve the
following average per-node throughput with high
probability:

λp = Θ

(
1

h

)
, (18)

when there is no BS. For BS case, the primary
network can achieve the following average per-node
throughput with high probability as

λBSp = Θ

(
min

{
1

max{h∗ − h�, 1}
, nβ−1

})
. (19)

Proof: During the routing process of the prima-
ry packet, since every nodes could support a con-
stant data rate, we assume any node could transmit
or relay at a rate of R bits per time-slot. We divide
the whole routing process into three parts: input,
relay and output.

We consider no BS case first. During input pro-
cess, the primary packet is relayed from the primary
transmitter to a 0 type relay SU. Since there are at
most Θ(1) PUs within each cell, the per-node time-
average input rate of PUs should be Θ(1) with high
probability.

During the relay process, the primary packet is
relayed from the (k− 1)th-type relay SU to an kth-
type SU, for 1 ≤ k ≤ h∗. Since the transmission
range is set to be r2 and each relay SU can support
a constant data rate in each cell, the whole network
can support a maximum aggregated relay rate of

Θ( N
2 logN

), which is larger than the aggregated input
rate. This indicates the relay process could forward
an aggregated Θ(n) bits per time-slot. Since each
relay process consumes 1

2h∗+3
fraction of the sec-

ondary scheduling cycle, the primary network can
achieve per-node time-average relay rate of Θ( 1

h∗
).

Finally, during the output process, the primary
packet is transmitted to the destination primary user.
The output process is similar to the input process,
and Θ(n) bits can be forwarded to the primary
destination nodes during the output process. Since
each output process consumes 1

2h∗+3
fraction of the

secondary scheduling cycle, the output process can
achieve the per-node time-average output rate of
Θ( 1

h∗
).

Consequently, when there is no BS, the primary
network can achieve the per-node throughput of
order λp = min(Θ

(
1
h∗

)
,Θ(1)) = Θ( 1

h
).

Then we consider the BS case. In this case, the
source PU inputs the packet which will be relayed
to a BS. Afterwards, another BS will transmit the
packet to the destination directly. Moreover, the
maximum throughput of downlink channel is as-
sumed to be no smaller than uplink channel, the
same scenario can be found in 3GPP LTE cellular
networks [27].

During input process, there is also at most Θ(1)
active next step node within each cell. Thus, the
per-node time-average input rate of PUs should be
Θ(1) with high probability.

During the relay process, the primary packet is
relayed from the (k− 1)th-type relay SU to an kth-
type SU, for h� ≤ k ≤ h∗. We can calculate the
per-node time-average relay rate for the SU relay
in the same way as above and the corresponding
rate is of order Θ

(
1

max{h∗−h�,1}

)
. However, the

BS rate may limit the total throughput of relay
process. The BS can receive or transmit at most
one packet in one time slot. Therefore, the BS rate
for its BS-cell is 1. The number of PUs in the BS-
cell is Θ(nr2BS) = Θ(n1−β). Thus, the per-node
time-average relay throughput for relay process is
Θ(min{ 1

max{h∗−h�,1} , n
β−1}).

Finally, during the output process, according to
our assumption, the downlink throughput of each
destination is limited by Ω(nβ−1). Therefore, the av-
erage per-node rate of the scheme can be expressed
as in (19).
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B. Delay Performance
In order to derive the delay performance of the

primary network, we will first give the following
lemmas.

Lemma 8. For random positive value l and N such
that 0 < l < 1 and N ≥ Θ(1), the following
equation holds with high probability:

1− (1− l)N = min(Θ(1),Θ(Nl)). (20)

Proof: We consider the following three condi-
tions depending on the value of l and N :

(1) l = Θ(1). In this case, 1 − (1 − l)N = Θ(1)
holds, thus Equation (20) is satisfied.

(2) l = o(1) and Nl = Ω(1). Since l can be
arbitrarily small when n is large enough, −2l <
ln(1− l) < −l will hold. Consequently:

1− exp(−Nl) < 1− (1− l)N < 1− exp(−2Nl).
(21)

Since Nl = Ω(1), as 1− exp(−Nl) > 1− e−1. So
it is clear that 1− (1− l)N = Θ(1).

(3) l = o(1) and Nl = o(1). In this case, it can be
proved that x− x2

2
< 1−exp(−x) < x always holds

when x > 0. Thus, Nl− (Nl)2

2
< 1− (1− l)N < Nl

will be satisfied. Thus, 1− (1− l)N = Θ(Nl).
By using the results of Lemma 8 and Lemma 6,

we can have the following lemma that counts the
delay for the primary network.

Theorem 2. Under the proposed primary relay
algorithm, the primary network can achieve the
following average delay with high probability:

Dp = Θ(hn(1+ε−h∗ α0
h
) + h2n

α0
h log2 n). (22)

when there is no BS. If there are BSs in the network,
the corresponding delay is as in (23)

Proof: Consider the routing process for a pri-
mary packet Bp, which is sent from Ps to Pd.
Similar to Section VI-C [10], we would evaluate
the average number of time slots for Bp to be
successfully relayed in each process. We focus on
the no BS case first. During the routing process,
we would ignore the possible contention for trans-
mission among different packets in each node. The
routing process is also divided into input, relay and
output process.

(a) First we analyze the input process, in which
primary source node Ps will transmit to an eligible 0
type SU. A successful relay from Ps to the eligible 0

type relay node will happen when the two conditions
hold: (1) an eligible 0 type relay node S0,i is found
in the same cell as Ps; (2) among all the eligible
transmission pairs in this cell, Ps is the transmitter
of the selected pair and an eligible 0 type relay SU
is the selected receiver. If we denote the conditions
as a0 and b0, then we will calculate the probability
of them respectively.

Since all the N = n1+ε 0 type SUs can be eligible
relay for Pi, for an arbitrary 0 type SU S0,i, we first
calculate the probability that S0,i moves to the cell
in which Ps resides, denoted by p0s. Since S0,i moves
in the whole network with i.i.d. mobility model, we
can obtain p0s = r2. If we consider all the 0 type
SUs together and use the result of Lemma 8, we
have Pr(a0) = 1− (1− p0s)N = Θ(1).

In addition, since there are at most Θ(1) pri-
mary users and Θ(log n) 0 type SUs in any cell,
Pr(b0|a0) = Θ( 1

logn
). So the probability for success-

ful relay is p0 = Pr(a0)Pr(b0|a0) = Θ( 1
logn

). Thus,
the delay for the input process is D0 = Θ(1/p0) =
Θ(log n).

(b) Next we consider the relay and output process.
For 1 ≤ k ≤ h∗ + 1, suppose Bp is currently held
by Sk−1,i† , then a successful relay of Bp during the
relay and output process will happen when the fol-
lowing three conditions happen: (1) the current slot
is assigned to Phase i of the secondary scheduling
scheme ; (2) an eligible kth-type relay node, or the
destination node resides in the same cell as Sk−1,i†
in the current time slot; (3) For 1 ≤ k ≤ h∗, among
all the eligible transmission pairs in this cell, Sk−1,i†
is the transmitter of the selected pair and an eligible
kth-type relay SU is the selected receiver. While for
k = h∗ + 1, (Sh∗,i∗ , Pd) is the selected transmission
pair. We denote the three conditions as tk, ak and
bk respectively.

Since a complete scheduling cycle of the sec-
ondary network consists of 2h∗ + 3 phases, we can
obtain Pr(tk) = 1

2h∗+3
= Θ( 1

h
).

Then we will calculate Pr(ak) for relay process,
i.e., 1 ≤ k ≤ h∗ . If we denote Tk as the set of
kth-type SUs that can relay Bp from Sk−1,i† , and Q
as the set of cells inside the moving range of the
SUs in Tk, i.e., the cells inside CRk−1

(Xk−1,i†) ∩
C2Rk−

√
2r(Pd). Thus,

Pr(ak) =
∑
Q

Pr(Sk−1,i† ∈ Q)(1−
∏

S
k,i‡∈Tk

(1−Pr(Sk,i‡ ∈ Q))).

(24)
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DBS
p =

{
Θ(max{(h∗ − h†)∆hn

α0
h log2 n+ ∆hn

(1+ε−h∗ α0
h
), n1−β}) β < 1 + ε,

Θ(1) β ≥ 1 + ε,
(23)

Since Rk ≥ 2
√

2r, there must be Θ(2Rk −√
2r) = Θ(Rk). The upper bound of pka can be

calculated as follow:

Pr(ak) ≤
∑
Q

Pr(Sk−1,i† ∈ Q)

= Θ(
(2Rk −

√
2r)2

r2
)Θ(

r2

R2
k−1

)

= Θ(n−
α0
h ).

(25)

Next, if we denote K as the set of cells inside
CRk−1

(Xk−1,i†)∩CRk−√2r(Pd), then K ∈ Q. For any
cell a ∈ K, we can guarantee that on average, a is
within the moving region of Θ(N(Rk−

√
2r)2) SUs

inside Tk. Thus, we can calculate the lower bound
of Pr(ak) as:

Pr(ak) ≥
∑
K

Pr(Sk−1,i† ∈ K)(1−
∏

S
k,i‡∈Tk

(1− Pr(Sk,i‡ ∈ K)))

≥
∑
K

Θ(
r2

R2
k−1

) min(Θ(1),Θ(N(Rk −
√

2r)2
r2

R2
k

))

= Θ(
(Rk −

√
2r)2

r2
)Θ(

r2

R2
k−1

)Θ(1)

= Θ(n−
α0
h ).

(26)

From Equation (25) and Equation (26), we can
conclude Pr(ak) = Θ(n−

α0
h ), for 1 ≤ k ≤ h∗.

As to the output process, Pr(ah∗+1) = r2n
h∗α0
h ,

since the cell in which Pd resides is totally in the
moving region of Sh∗,i∗ .

Finally we calculate the conditional probability
Pr(bk|tkak). During the relay process, the number
of each type SUs in every cell does not exceed
Θ(log n) , thus under the pessimistic assumption
that all the (k − 1)th-type SUs are holding the
primary packet to transmit and all the kth-type
SUs are able to receive the packet, then Pr(bk)
is lower bounded by Pr(bk|tkak) = Θ( 1

log2 n
), for

1 ≤ k ≤ h∗. During the output process, since there
are Θ(log n) number of h∗-type relay SUs and Θ(1)
number of receiving PUs. Thus the probability for
(Sh∗,i∗ , Pd) to be the selected transmission pair is
Pr(bh∗+1|th∗+1ah∗+1) = Θ( 1

logn
)Θ(1) = Θ( 1

logn
)

Consequently, for 1 ≤ k ≤ h∗ + 1, the relay or
output step will take an average delay of

Dk = Θ(
1

Pr(tkakbk)
)

= Θ(
1

Pr(tk)Pr(ak)Pr(bk|tkak)
)

=

{
Θ(hn

α0
h log2 n), for 1 ≤ k ≤ h∗,

Θ(hn(1+ε−h
∗α0
h

)), k = h∗ + 1.

(27)

Combining all the delay for each relay step,
and consider the value of h∗, which is shown in
Equation (10), we can derive the delay performance
for the primary network is:

Dp = Σh∗+1
k=0 Dk = Θ(hn(1+ε−h∗ α0

h
) + h2n

α0
h log2 n).

(28)

Then we focus on the BS case.
(a) During the input process, it is the same as that

in no BS case. Thus, the delay for the input process
is also D0 = Θ(1/p0) = Θ(log n).

(b) During the relay and output process. Both
Pr(ak) and Pr(bk|tkak) are the same as those in
no BS case. The Pr(tk) is different because there
are (2 max{h∗ − h�, 0} + 3) phases instead of
Θ(h∗). Therefore, we can obtain that Pr(tk) =

1
2max{h∗−h�,0}+3

in the similar way as above.
Consequently, for h� < h∗, β < 1 + ε and 1 ≤

k ≤ h∗ − h� + 1, the relay or output step will take
an average delay of

Dk = Θ(
1

Pr(tkakbk)
)

= Θ(
1

Pr(tk)Pr(ak)Pr(bk|tkak)
)

=

{
Θ(∆hn

α0
h log2 n), 1 ≤ k ≤ h∗ − h�,

Θ(∆hn
(1+ε−h

∗α0
h

)), k = h∗ − h� + 1.

(29)

where ∆h = max{h∗ − h�, 1}. If h� ≥ h∗ and β <
1 + ε, only type h SU is needed to relay the packet,
and therefore there is no relay process between two
SUs. For β ≥ 1 + ε, Dk = Θ (1) because that the
source PU can transmit packet to BS directly and the
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BS can also transmit packet to destination directly.
Furthermore, we must consider a fact that there are
nr2BS PUs in each BS-cell and a BS will take at least
Θ(nr2BS) time slots to relay the packets from them.
This limits the total delay of the network. Thus we
can derive the delay performance for the primary
network is as in (23).

VI. THROUGHPUT AND DELAY SCALINGS FOR
THE SECONDARY NETWORK

In this section, we would evaluate the throughput
and delay performance for the secondary network.

The secondary network is different from the pri-
mary network because the secondary users should
access the spectrum opportunistically, i.e., only
when the secondary users are outside the current
preservation regions can they transmit or relay the
packets. According to our scheme, a portion of
secondary users would inevitably jump into the
preservation region, and the 0 or h� type SUs which
jumps into the preservation region may receive the
primary packets. But due to the node density of
each type secondary users is higher than primary
users in order sense, as well as the choice of cell
size, the portion of SUs that fall into preservation
region will approach 0 with high probability. This
fact is already observed in many previous works,
such as [16]. Thus, the introduction of preservation
region will not degenerate the transmission oppor-
tunity for secondary users with high probability.

A. Throughput Performance

Lemma 9. During the routing process of secondary
packets, the secondary transmitters and relay nodes
can support a constant data rate in each cell.

The proof of Lemma 9 is similar to that of
Lemma 7, thus we do not repeat it here. Combining
the result of Lemma 9 and Lemma 6, we can derive
the following theorem:

Theorem 3. Under the proposed secondary relay
algorithm, the secondary network without BS can
achieve the following per-node throughput with high
probability:

λs = Θ(
1

h2 log n
). (30)

The secondary network with BS can achieve the per-
node throughput with high probability as follow

λBSs = Θ

(
min

{
1

max{h∗ − h�, 1}h log n
,

1

hn1+ε−β

})
.

(31)

Proof: We focus on no BS case first. Since
the number of each type secondary users does not
exceed Θ(log n), the number of source SUs in the
input process does not exceed Θ(h log n). And since
the input process consumes 1

2h∗+3
fraction of the

secondary scheduling cycle, the time-average per-
node input rate of SUs is Θ( 1

h2 logn
).

During the relay and output process, at most
Θ(log n) SUs of each type reside in the cell, thus
a time-average relay and output rate of Θ( 1

h logn
) is

achievable.
Consequently, when there is no BS, the secondary

network can achieve the per-node throughput of
order λs = min(Θ( 1

h2 logn
),Θ( 1

h logn
)) = Θ( 1

h2 logn
)

If there are BSs in the network, the number
of source SUs in the input process also does not
exceed Θ(h log n). But the input process consumes

1
2max{h∗−h�,0}+3

fraction of the secondary schedul-
ing cycle. Therefore, the rate for input process is
Θ( 1

max{h∗−h�,1}h logn). For the relay and output pro-
cess, corresponding time-average relay and output
rate is Θ( 1

max{h∗−h�,1} logn). Moreover, the rate limi-
tation at BS must be considered, which is similar to
that in the proof of Theorem 1. Consequently, the
secondary network with BS can achieve the per-
node throughput as in (31).

B. Delay Performance
In this part, we analyze the average delay for the

secondary network.

Theorem 4. Under the proposed secondary relay
algorithm, the secondary network without BS can
achieve the following average delay with high prob-
ability:

Ds,kd = O(h2n
α0
h log2 n+ h2n(1+ε−h

′
α0
h

) log n),
(32)

where kd denotes the type of the destination node,
and h

′
= min(h∗, kd), which is defined in Algorithm

2. If there are BSs in the network, the corresponding
average delay is (33), where ∆h = max{h∗−h�, 1}.

Proof: We firstly focus on the no BS case.
Consider the relay process of the secondary packet
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DBS
s,j =


O(max{(h∗ − h†)∆hn

α0
h log2 n+ ∆hhn

(1+ε−h
′
α0
h

) log n, hn1+ε−β}) β < 1 + ε, h
′
> h†,

O(∆hhn
(1+ε−β)) β < 1 + ε, h

′ ≤ h†,
Θ(max{hn(1+ε−β), 1}) β ≥ 1 + ε,

(33)

Bs, which is sent from Sk,i† to Sk,i‡ . We will also
calculate the probability for Bs to be successfully
relayed. The relay process of Bs consumes h′ + 2
steps, for 0 ≤ k ≤ h

′
+ 1, a successful relay of

Bs will happen if the following three conditions
hold simultaneously: (1) the current time slot is
assigned to the Phase (h∗+ 2 + k) of the secondary
scheduling scheme; (2) an eligible kth-type relay
SU, or the destination node is found in the same
cell as the secondary users which holds the packet
at the current time slot; (3) for 0 ≤ k ≤ h

′ , among
all the eligible transmission pairs in the cell, the SU
which holds Bs is the transmitter of the selected pair
and an eligible kth-type relay SU is the receiver of
the selected pair; while for k = h

′
+1, (Sh′ ,i′ , Skd,id)

is the selected transmission pair. Denote the three
conditions by tk, ak and bk. Clearly, Pr(tk) = 1

2h∗+3
.

Next we consider the value of Pr(ak). Obviously
the intermediate relay process is the same as the
primary network, and the input and output is differ-
ent from the primary user due to the SU mobility.
Using the similar method as the proof of Lemma 2,
we can calculate the value of Pr(ak) as follow:

Pr(ak) =


Θ(1), k = 0,

Θ(n−
α0
h ), for 1 ≤ k ≤ h′ ,

Θ(n
h
′
α0
h −(1+ε) log n), k = h

′
+ 1.

(34)

Finally we will calculate the conditional proba-
bility Pr(bk|tkak). By the definition of condition bk,
and considering the number of each type SUs do
not exceed Θ(log n) in every cell, we can calculate
Pr(bk|tkak) as:

Pr(bk|tkak) =


Θ( 1

h logn ), k = 0,

Ω( 1
log2 n

), for 1 ≤ k ≤ h′ ,
Ω( 1

h log2 n
), k = h

′
+ 1.

(35)

Consequently, we can obtain:

Pr(tkakbk) =


Θ( 1

h2 logn ), k = 0,

Ω( 1
h log2 n

n−
α0
h ), for 1 ≤ k ≤ h′ ,

Ω( 1
h2 lognn

h
′
α0
h −(1+ε)), k = h

′
+ 1.

(36)

Since the delay for each step is Di =
Θ( 1

Pr(tkakbk)
) = Θ( 1

Pr(tk)
)Θ( 1

Pr(ak)
)Θ( 1

Pr(bk|tkak)
), for

0 ≤ k ≤ h
′
+ 1. Thus, by adding them up, we can

obtain the result of the Ds,kd as in (32).
For the case that there are BSs in the network,

Pr(tk) = 1
2max{h∗−h�,0}+3

which is shown in Theo-
rem 2. We analyze the Pr(ak) and Pr(bk|tkak) for
three cases.

If β < 1 + ε and h
′
> h�, the Pr(ak) and

Pr(bk|tkak) are the same as in (34) and (35).
If β < 1 + ε and h

′ ≤ h�, the Pr(ak) and
Pr(bk|tkak) of the input process are the same as
in no BS case. For the relay process, the type h

′

SU will relay the packet Bs to the BS directly
when it meets a BS instead of through multiple
SUs. In this case, Pr(ak) = Θ(nβ−1−ε log n) because

there are Θ(n
−h
′
α0
h

n−β
) BSs in the moving region of

h
′th-type destination SU. Moreover, Pr(bk|tkak) =

Ω( 1
h logn

) because all BSs can share their packets.
Finally, in the output process, the packet is trans-
mitted from BS to the destination directly. Thus,
the Pr(ak) and Pr(bk|tkak) equal to those of the
relay process. Therefore, the delay for this case is
O(∆hhn

(1+ε−β)).
If β ≥ 1 + ε, the packet will be transmitted from

the source SU to a BS directly and from another
BS to the destination directly. Therefore, the delay
is determined by the number of SUs within the
coverage of one BS.

Consequently, considering the limitation of the
downlink transmission, we can obtain the delay
DBS
p in (33).

VII. DISCUSSIONS

In this part, for no BS case, we will discuss
how mobility heterogeneity of the secondary users
can affect the throughput and delay scalings of the
CRN. Specifically, α0 measures the range of the
mobility heterogeneity and h measures the diversity
of mobility heterogeneity. The increase in α0 and h
will lead to the increase of mobility heterogeneity



16

of SUs. Thus we will find which value of α0 and h
will lead to the near-optimal throughput and delay
performance of the primary and secondary network.

For BS case, we will discuss the relation between
BS density and the throughput, delay scalings. Since
BS can relay packets through very long distance, the
large number of BSs will improve throughput and
delay performance. Hence we will find the mini-
mum number of BSs to improve the performance.

A. Optimal Performance of Primary Network with-
out BS

In our scheme, α0 is a positive value, and h =
O(log n).

If h = Θ(1), denote αth =
1+ε− 2 log logn

logn

1+1/h
, then pri-

mary network could achieve the following average
delay:

Dp =

{
Θ(n

α0
h log2 n), if α0 ≥ αth,

Θ(n(1+ε−α0)), if α0 < αth.
(37)

with the per-node throughput λp = Θ(1).
In this case, the primary network can achieve

the constant per-node throughput, which is theo-
retically optimal. As for the delay performance,
different α0 leads to different delay. However, from
Equation (37), Dp can only achieve sub-optimal
condition, since Dp = ω(polylog(n)). The delay-
throughput tradeoff curve when h = Θ(1) is shown
in the dotted curve of Fig. 2, and note that αth =
1+ε

1+1/h
with high probability.

If h = Θ(log n), denote α′th = 1+ε− 3 log logn
logn

. We
should note that in this case, Θ(n

α0
h ) = Θ(cα0) =

Θ(1), where c is a constant. Thus the primary
network could achieve the following average delay:

Dp =

{
Θ(log4 n), if α0 ≥ α

′

th,
Θ(n(1+ε−α0) log n), if α0 < α

′

th.
(38)

with the per-node throughput λp = Θ( 1
logn

).
In this case, the primary network can achieve

the near-optimal throughput performance. And the
delay performance can be improved when α0 in-
crease from 0 to α

′

th. Specifically, for α0 ≥ α
′

th,
the delay performance is near-optimal, which is
Dp(min) = Θ(log4 n).

The delay-throughput tradeoff curve when h =
Θ(log n) is plotted in the solid curve in Fig. 2.
Since α′th = 1 + ε when n approaches infinity. It is
clearly that when α0 ≥ 1 + ε and h = Θ(log n), the
primary network can achieve a near-optimal delay-
throughput tradeoff.

Delay/Throughput

0

11

1 1 h

0

5(log )n

01
n

01 2logn n 0

2loghn n

log

1

h n

h

1

21 loghn n

Fig. 2. Curve of relation between Delay/Throughput and hetero-
geneity factors for primary network

B. Optimal Performance of Secondary Network
without BS

Using similar method as the previous part, the
results indicate that the secondary network can
achieve the near-optimal performance when h =
Θ(log n) and α0 ≥ 1+ε. Specifically, the secondary
network could achieve the following average delay:

Ds,kd =

{
O(log4 n), if kd ≥ h∗,

O(n(1+ε− kdα0
h

) log3 n), if kd < h∗.
(39)

with per-node throughput of λs = Θ( 1
log3 n

).
Under near-optimal condition, the secondary net-

work also has the potential to achieve the near-
optimal delay-throughput tradeoff, when the type
of destination SU kd satisfies kd ≥ h∗. As for the
nodes with kd < h∗, the delay can be reduced if α0

increases.
Combining the result of the primary network

and secondary network, we can conclude that the
increase of mobility heterogeneity for SUs will im-
prove the delay-throughput tradeoff for both primary
and secondary network, so that both network can
achieve near-optimal throughput and delay scaling
laws.

Finally, the near-optimal throughput and delay
scalings of HSRM under our scheme is compared
with the previous works in Table II, where δ, δ′, δ′′ >
0. All of these works can achieve the near-constant
throughput and delay scalings for the primary net-
work. Compared with [18], the HSRM achieves bet-
ter delay scaling for secondary network and requires
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less secondary users. While compared with [19],
HSRM can achieve better throughput scalings for
secondary network and is more general and flexible
than the hierarchical mobility model in [19].

C. BS Density and Network Performance
In this subsection, we focus on the impact of BSs

on the performance of the network. If the number of
BSs is too small, the network performance will be
limited due to the congestion at each BS. Therefore,
for each kind of performance, such as primary
network throughput, there must exist a positive
threshold β0. For any β ≥ β0, the performance
is improved comparing with no BS case. We will
calculate the β0 for primary network throughput,
primary network delay, secondary network through-
put and secondary network delay as follows.

Firstly, we consider the primary network through-
put. From Theorem 1, we know that, for a constant
β,

λBSp =

{
Θ(nβ−1), 0 < β < 1,
Θ( 1

max{h∗−h�,1}), β ≥ 1. (40)

We need to calculate the β to ensure that λBSp =
Ω(λp). Therefore, for any β ≥ β0 = 1, the
primary network throughput is improved in order
sense due to BSs. In this paper, β is assumed to be
constant. However, if β is not constant, the result
here could be more accurate. For example, when
β is the solution of β ≥ 1 − log max{h∗ − h�, 1},
the PU throughput will also be improved. Another
example is that the conditions β < 1 + ε and
β ≥ 1 + ε in Theorem 2 and 4 of BS case could
be β < 1 + ε− log log n and β ≥ 1 + ε− log log n.
The range is more accurate than before. For all
the performances and results above, we can obtain
the non-constant range in the same way. However,
due to the small difference between them, i.e.,
Θ(log log n), they are not listed in this paper for
brevity.

We also analyze the BS density for improv-
ing the primary network delay, secondary network
throughput and delay performance in the similar
way. Finally, we list the conditions (β ≥ β0) that
BS can improve network performance in Table III.

VIII. CONCLUSION

This paper studies the impact of mobility het-
erogeneity of secondary users and static BS in

cognitive radio network. We propose the heteroge-
neous speed-restricted mobility model for the SUs,
and raise corresponding scheme which exploits the
heterogeneity of SUs and long-distance transmission
of BSs. In particular, the theoretical results indicate
that the increase of heterogeneity of secondary
users improves of delay-throughput tradeoff for both
primary and secondary network. Under the near-
optimal condition, the primary network and part
of the secondary network can achieve near-constant
(except for poly-logarithmic factor) throughput and
delay scalings. For the case that there are BSs in
the network, we find that when the number of static
BSs increases the throughput and delay performance
can also be improved. This results show that the
mobility heterogeneity of SUs and the long-distance
transmission of BSs can be utilized to significantly
improve the throughput and delay performance of
the cognitive radio networks.
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