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SPECTRUM AGGREGATION SCHEME
IN A WIRELESS BROADBAND
DATA TRANSCEIVER SYSTEM

Da Guo,* Yong Zhang,* Guangnian Xu,* and Park Hyeongchun***

Abstract

This paper investigates the design of a wireless broadband data
transceiver (WBDT) system. The WBDT system works on hundreds
of narrowband discrete channels. Cognitive radio (CR) technology
is adopted to detect idle channels. Discrete channels are aggregated
into large frequency bands to provide higher transmission capability
than traditional wireless data transceivers (WDTs). Guard gaps
are used to avoid interference among WBDTs/WDTs working on
adjacent channels according to existing WDT standards. To make
full use of the idle channels, a new spectrum aggregation (SA)
method, maximum space first assignment (MSFA), is proposed after
analysing the performance of the WBDT system. MSFA provides a
way to reduce the negative effect of the guard gap. The simulation
and analysis results show that the novel system architecture and

MSFA improve spectral efficiency.
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1. Introduction
1.1 Background and Motivation

Wireless data transceivers (WDTs) are widely employed
in industry, the military, weather forecasting, and other
areas. WDTs can work at different frequency bands, such
as 230 MHz, 433 MHz, 868 MHz, and 2.4 GHz typically.
According to China government regulations published in
1991, the State Grid Corporation of China, the China Me-
teorological Administration, and other government min-
istries have been granted a license for part of the frequency
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from 223.025 MHz to 235 MHz. Currently, WDT man-
ufacturers must obey the Generic Specification for Data
Transceiver standard (GB/T 16611-1996) [1] published in
1996 in China. There are some similar standards in other
countries such as ARIB STD-T67 and ETSI-EN 300-220.

The WDT frequencies can be used by eight licensed
private networks and some unlicensed amateur stations
in China. As shown in Fig. 1, the white space between
223.025 MHz and 235MHz is used for amateur stations
(unlicensed channels), and the lines indicate the licensed
channels that are used by the eight private networks. The
bandwidth of a channel is 25 kHz and each WDT provides
9.6-kbps communication capability. The private network
users cannot use the licensed channels of other private
networks. Furthermore, Fig. 1 shows that the channels
owned by private network operators are discontinuous.
Obviously, the WDT’s communication capability cannot
meet the needs of the intelligent power grid.

A novel wireless broadband data transceiver (WBDT)
system was employed in the power wireless private net-
work [2]-[5]. The WBDT system was developed based on
TD-LTE technology and works on 230 MHz. The WBDT
system has wider coverage than the LTE system due to its
lower frequency. According to the experimental results in
the trial network in Haiyan, Zhejiang Province, China, the
base station can cover a 10-km radius in the town area,
and only three WBDT base stations are required to satisfy
the power communication requirements of the whole town
(shown in Fig. 2) [2].

To use the unlicensed channels and unused licensed
channels, we propose a novel WBDT architecture. The
main features of this architecture include two aspects:
Cognitive radio (CR) capability to sense idle channels and
spectrum aggregation (SA) capability to aggregate the
discrete channels to provide broad bandwidth. The SA
method is the emphasis in our work. The novel WBDT
system can be employed for all amateur stations and all
the licensed private network operators.

1.2 Related Work

Our proposed system uses orthogonal frequency division
multiplex (OFDM) technology because OFDM can provide
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Figure 1. WDT frequency spectrum.

Figure 2. Power wireless private network in Haiyan, Zhejiang Province.

high spectrum efficiency. Some researchers have tried to
implement OFDM technology in discontinuous frequency
bands. Poston proposed a solution called discontinuous
OFDM (DOFDM), which enables a single user to access
several spectrum fragments using only one radio front in
idle TV channels [6]. DOFDM provides a good reference
design for the WBDT system.

CR technology can sense the radio environment, obtain
information about idle spectral, and enhance communica-
tion capability. As mentioned above, some licensed private
network operators and amateur stations seldom use their
channels because of the low communication capability of
traditional WDTs. This provides a perfect application
environment for CR technology in the 230 MHz spectrum.
Currently, many researchers are focusing their interest on
CR, including spectrum sensing [7], spectrum handoff [§],
and spectrum access [9]. The IEEE 802.22 workgroup is
also developing standards for CR in TV broadcast service.
This paper does not give a detailed discussion of CR im-
plementation in a WBDT system because our application
is similar to existing research.

SA technology can extend the bandwidth in LTE sys-
tems to achieve high data rate transmission [10]. SA is one
of the key features of the LTE-advanced system and has
been investigated by many researchers because it is diffi-
cult to find enough contiguous spectrum bands in LTE sys-
tems [11]-[13]. Most investigations of carrier aggregation
focus on the application in LTE systems [14]-[17]. Some
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resource scheduling and management schemes have been
proposed for LTE systems in the last several years [18]-[22].
A special simulation platform was developed for a cognitive
LTE system [23], and SA is an important technology in the
5G mobile communication system [24].

However, the frequency feature of WBDT systems is
different from that of LTE and 5G systems. The spec-
trum is illustrated in Fig. 3. First, there are more than
400 channels, far more than in LTE systems. Generally,
several discrete spectrum bands are aggregated to provide
broadband communication in LTE systems. Second, the
channel spacing is too small, and data transmission is
carried on several channels. The guard gap bandwidth
between adjacent channels is significant in the whole fre-
quency band. Thus, the guard gap utilization plays a key
role in the channel assignment solution. These differences
create great challenges. Some researchers have proposed
solutions involving spectrum assignment [25], but they all
ignore the influence of the guard gap.

Cao et al. [26] and Cao et al. [27] estimate the
system capacity using carrier aggregation in the licensed
channels owned by the State Grid Corporation of China for
a power private network. All 40 channels that belong to the
State Grid Corporation of China are aggregated to form
a 1-MHz spectrum band and provide more than 2.4 Mbps
communication capability, but the scheme only works in
one private network and cannot use the idle channels
that belong to amateur stations and other private network
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Figure 3. Channels, guard gaps, and subcarriers.

operators. Yidong et al. [28] proposes a spectrum-sharing
algorithm and power allocation method based on WDBTs,
and Cao et al. [29] propose a two-stage double-threshold
local spectrum sensing algorithm to improve detection
performance and reduce computing complexity.

To improve the performance of WBDT systems, we
focus our research on a SA solution to provide higher data
rate transmission. In this paper, we formulate the SA
problem in WBDT systems and propose a novel spectrum
assignment method: the maximum space first assignment
(MSFA) algorithm. The simulation and analysis show that
this solution promotes spectrum efficiency.

2. System Model and Problem Formulation
2.1 Spectrum Feature

CR technology is adopted in our proposed system to detect
idle frequencies because few people use traditional WDT's
in cities due to the low data rate. This means that private
network operators can use their licensed frequencies as well
as frequencies of amateur stations. Amateur stations can
also use more than one channel to extend their bandwidth
for higher data rates using one radio front at a time.
Before stating the problem, we define some terms:

Channel: the channels shown in Fig. 3 are used
by traditional WDTs and can carry several OFDM
subcarriers. The traditional WDTs can only work on
one channel at a time. In our proposal, several channels
can be aggregated to serve as a pair of communication
nodes. According to the China standard, the channel
width is 25 kHz.

Guard Gap: guard gaps are used to avoid interference
among WDTs working on adjacent channels. The
guard gap bandwidth should adhere to the existing
traditional WDT standard. The guard gap can be
omitted if the continuous channels are assigned to
the same user. According to the China standard,
the bandwidth of the guard gap is 9kHz. OFDM
subcarriers that overlay the guard gaps should be
switched off.

User: the user is one communication terminal whose
physical layer adopts OFDM technology. One user
may occupy one channel or several channels, but one
channel can be occupied by only one user.

Spectrum fragment: the spectrum fragment assigned
to a user is composed of the continuous available
channels. For example, User 1 owns two spectrum
fragments including Channels 1, 3, and 4 in Fig. 3.
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Figure 4. Network architecture.

2.2 Problem Definition

The network adopts the cellular architecture shown in
Fig. 4. Some private networks work with other private
networks and amateur stations. WBDT and WDTs are
fixed stations that communicate with their corresponding
base stations. WBDT and WDTs may belong to differ-
ent operators. For purposes of analysis, we propose the
following assumptions:
e WBDTs with CR capability can sense the entire
12-MHz frequency band and learn frequency usage
information.

e The filter adopted in the proposed WBDT system is
perfect enough that DOFDM can switch the corre-
sponding subcarriers on or off normally and interfer-
ence between the adjacent channels does not exist. In
fact, the guard gaps prevent this interference.

As we know, the spectrum of WDTs/WBDTs is from
223.025 MHz to 235 MHz. The diversity of path loss be-
tween 223.025 MHz and 235 MHz is 0.77dB according to
the following HATA model [30]:

L = 46.3 4 33.9log f. — 13.82log hy — a(h,)
+ (44.9 — 6.55log hy) log d,



where L is the path loss in dB, f. is the working frequency
in MHz, h; is the height of the transmitting antenna in
meters, h, is the height of the receiving antenna in meters,
and d is the distance from the transmitter to the receiver
in kilometres.

Suppose that the signal-to-noise ratio (SNR) of user i
at channel j is o; ;SN R; 1. o ; is the SNR diversity factor
at the difference channel. SN R; ; is the reference SNR for
user 4 at channel 1 (223.025 MHz).

The entire 12-MHz frequency band is divided into N
channels. There are M users in a cellular network. The
channel width is W, KHz, the guard gap bandwidth is
Weap KHz, and the subcarrier bandwidth is W, KHz.
User i demands D; kbps, so the data rate of user i using
channel j is

R;j = Wsclogy(1+T +a; ;SNR,; ;)  (kbps),
where I'=—1.5/In(5B") is the SNR gap related to a
minimal targeted bit-error-ratio B{"™. According to the
existing regulation, the number of WDT channels is 440, so
there are few diversity factors among difference channels.
For simplicity, let o; ; = 1. This means the SNR of user 4
is approximately identical. Then, we rewrite the data rate
of user i as follows:
R; = Wiclogy(1+ T« SNR; 1) (kbps).

Suppose the channel characteristic is known for all

nodes. The channel state matrix is given by

S1,1 51,2 S1,N
52,1 S22 - S2 N

S=1 . o |y s ed{0,1} (1)
SM,1 SM,2 SM,N

s

where s; j =0 denotes that channel j is available for user ¢
and s; ; =1 denotes that channel j is occupied by existing
service and cannot be used in channel assignment.

The binary channel assignment matrix is

ai,i ai,2 ai,N
a1 az 2 az N

A= vaig €40, 1}, a 5805 # 1,
ap,a  apM,2 an N

(2)

which denotes whether user ¢ occupies channel j. If
a;; = 1, channel j is assigned to user i. Otherwise, it is
not.

The channel is occupied by only one pair of users, thus

M
> ai; <1, ¥j=1,2,...N. (3)
=1
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The number of assigned spectrum fragments can be
derived from the channel assignment matrix. Assume the
assigned frequency is made up of k; spectrum fragments.
The maximum available capacity for user ¢ under the above
channel assignment matrix is

N
Ci =R; X floor W, x Zam — k‘l X Wgap /WSC .

The maximum available capacity per user is not less
than the requirement of user 1.

Di < 07 :Rl x floor WC X Zam — k’l X Wgap /ch

(5)

We evaluate the performance of the spectrum assign-
ment strategies by their spectrum efficiency. The basic
idea to optimize the spectrum assignment strategy is to
maintain the network capability. If the transmission re-
quest occupies a different number of channels using differ-
ent spectrum assignment strategies, the fewer the number
of channels that are occupied, the better the strategy is.
In other words, a better strategy can gain higher spec-
tral efficiency. Thus, to minimize the number of occupied
channels, we rewrite the above equations as:

(a;, ki) = arg mlnz Z a; ; (6)
i=1 j=1

s.t. C; > D; (7)

Zaugl Vj=1,2,...N, a;;€{0,1} (8)

i jSij 7 1 (9)

It is difficult to obtain a globally optimum solution. In
fact, the solution is not unique, but we derive it as follows
from (5)

D;<C; = R; x floor | (W, xZa” ki X Weap /WSL

N
S R’L X (Wc X Zai,j - kz X Wgap)/VVsc

j=1

(10)

o2

(Di X Wse/R;i + ki x Wgap) /W,

2.3 Complexity Analysis

According to the China government regulation published in
1991 [1], there are 440 channels used by WDTs in the spec-
trum from 223.025 MHz to 235 MHz. Within that spec-
trum, 100 channels are owned by licensed private networks



and 380 channels are owned by unlicensed amateur sta-
tions. The number of available idle channels is N € [1, 440].
Binary channel assignment matrix A has M x N elements.
A may have 2M*N states. Even though some of these
states are not feasible, the exhaustive search algorithm
that is used to find the optimal solution is infeasible when
there are so many narrowband discrete channels.

To reduce the complexity of implementation, the orig-
inal optimum problem can be simplified as follows:

(aij, ki) = arg min » a;j, Vi=1,2,...

As a matter of fact, the communication requests that
arrive at the WBDTs and base stations should queue
up and wait before being scheduled. The channel state
matrix will be updated by the base stations if the channel
characteristic changes due to transmission of other private
networks or amateur stations, but the base station still
deals with new arrivals individually from the queue.

From (10) and (11), we can obtain a suboptimal so-
lution by reducing the number of assigned spectrum frag-
ments k;, so we propose a novel method called MSFA to
obtain a suboptimum solution.

3. MSFA Algorithm

Essentially, MSFA is a greedy algorithm. Assume that

the base stations know the channel characteristics and

communication requirements of each WBDT. Generally,
the assigned channels of one user will be divided into more
spectrum fragments if the user needs more subcarriers.

First, the request for maximum channels is assigned to the

longest continuously idle channels. While the networks are

receiving transmission requests from M users at the same
time, the MSFA algorithm should work as follows:

(1) users obtain frequency usage information of the N
channels, including idle/busy status, the SNR from
the user to the corresponding base station, etc.

(2) According to the frequency usage information, estab-
lish the channel state matrix S={S; ;}.

(3) Calculate the number of channels demanded by user ¢
as follows:

F;, = ceil((Di X Wsc/Ri + k; x Wgap)/Wc)

(i€ [1,M],k; =1) (12)
assume that user i has the largest demand. F; =Max(F}).

(4) Determine the sizes of the available spaces F'Sy(k >1).
Any available space must be made up of continuously
idle channels. The available space having the max-
imum continuous channels is denoted as the largest
available space Max(FSk).
It should be noted that the new assignment process
for one user should not start unless the previous user
completes its assignment process as follows.

(5) The largest available space (Max(FSy)) carries the
largest demand (F}).

514

(a) If Max(FSy)>F;, user i employs F'Sj, marks
the corresponding channels with i in {S; ;}, sets
F; =0, and recalculates F'S},.

(b) If Max(F'Sy) < F;, user i employs F'Si, marks the
corresponding channels with ¢ in {S; ;}, and sets
FS;,=0. Recalculate the number of demanded
channels F;.

F,=F;,— ﬂoor((MaX(FSk) X W, — Wgap)/WSC)
(13)

(6) Update F; and F'Si. Go to Step 5 and make the
largest available space, Max(F'S), carry the remaining
demand of 7 (F};) until F;=0or Y F'S, =0.

k

For user i, when the transmission request cannot be
satisfied, the second largest request F; (F; <F;) is
attempted until all of the users are traversed. If

M
> F; =0, it means that all the requests are satisfied.
i=1

(7) Update F; and F'Sj, and go to Step 5 until Y F'S; =0
k
M
or Y, F;=0.
i=1

M

If > FS;=0and > F;#0 after all of the users are
k i=1

traversed, it means that the current network cannot

carry more unassigned services.

The network should constantly maintain the channel
state matrix S = {S,,}. If a new request arrives
from user ¢ while the network is working, the MSFA
algorithm could work as follows:

(a) Count the current available spaces FSi(k > 1)
that are made up of continuously idle channels.

(b) Calculate the number of demanded channels F;
(i €[1,M]) using (12).

(c) The largest available space (Max(F'Sy)) carries the
request from user i(F;).

If Max(FSy) > F;, user i employs FSy, marks the
corresponding channels with 7 in {S; ;}, and recalcu-
lates F'Sy,.

If Max(F'S) < F;, user i employs F'Sg, marks the cor-
responding channels with ¢ in {S; ; }, and sets F'S,, =0.
Recalculate the number of demanded channels F;
using (13).

(8) Update F; and F'Sj and go to Step 3 until > F.S; =0
k
or F; =0.

Herein, we do not re-sort all F; and reassign the chan-
nels, because the channel handover will lead to excessive
signalling and delay costs.

The MSFA algorithm runs in the base station and
schedules all the available channels. The base station de-
termines the spectrum assignment and notifies the mobile
node of this information.



Table 1
Simulation Parameters

Value

50kbps < D; <100kbps
10db <SNR; <20db
W.=25kHz

2kHz < W, <10kHz
1kHz < Weap <15kHz
BIMin =0.0001

Simulation Parameter

Request of user i
SNR of user 4
Width of channel

Width of subcarrier

Width of guard gap

Minimal targeted
bit-error-ratio

4. Simulation and Evaluation

In this section, we will evaluate the MSFA algorithm by
computer simulation and compare its performance with the
contiguous assignment (CA) algorithm. In the CA algo-
rithm, the resources are sequentially allocated to users ac-
cording to the order of the demands in the queue. Because
no existing assignment algorithms are proposed currently,
the CA may be a simple solution.

Before the computer simulation, we evaluated the com-
plexity of the CA and MSFA algorithms. In the CA
algorithm, the main time consumption is the marking
process. The base station should mark O(Zf\il D;)

channels as (Zf\il D; < N). In the MSFA algorithm, the
main time consumption includes the marking and sort
processes.  k;(k; < N/2) available spaces and M users
should be sorted. The time complexity is related to
sorting algorithms. For example, the time complexity is
O(N?)+ O(M?) if a bubble sort algorithm is adopted.

The simulation scenario is shown in Fig. 4. There are
some existing users including amateur stations and private
networks in the proposed system’s coverage. The existing
users already occupy some channels. Assume that the total
spectrum is divided into N (N = 440) channels. The proba-
bility that a channel is idle is p (0 < p < 1), and the number
of users in the proposed system is M (1< M <15). The
channels are randomly assigned to existing users according
to the probability p in our simulation program.

The transmission request and SNR of a user are ran-
dom values. The detailed values of the simulation parame-
ters are listed in Table 1. We repeated our simulation 100
times and obtained the average values.

In the WDBT system, the channel width and number
of channels are constant. The adjustable parameters in-
clude the number of users M, channel idle probability p,
users’ data rate D;, and received SNR,;. Because the values
of M,p,D;, and SNR; describe the system busy status,
we set D; as a random value from 50 kbps to 100 kbps and
compared the spectral efficiency under different values of
SNR,; and p. Here, 7 denotes the user ID.

First, we compared the spectrum efficiency in different
idle channel probabilities. From Fig. 5, we can see that
the MSFA algorithm has better spectrum efficiency than
CA under different SNRs. The spectrum efficiency gain of
the MSFA algorithm is more than 20% higher than that
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Figure 6. Spectrum efficiency (M =10, Wgap =9kHz,
p=0.5).

of the CA algorithm when the idle channels probability
is in the middle status. When the spectrum is not too
busy, there are more contiguous channels and the effect of
aggregation decreases. In addition, when the idle channel
probability increases, the effect of aggregation under dis-
crete channels decreases. Furthermore, the spectrum effi-
ciency of the MSFA and CA algorithm will increase when
the frequencies become idle.

We compared the effect of the different bandwidths of
the subcarrier and SNR. The subcarrier bandwidth changes
from 2kbps to 10kbps. Fig. 6 shows that the performance
of the MSFA algorithm is very stable. The spectrum
efficiency of the MSFA is higher than that of the CA
algorithm. Generally, the spectrum efficiency of the CA
algorithm decreased slightly, whereas the bandwidth of the
subcarrier increased. But, the point of W, =8kHz is an
exception because the frequency band for subcarriers is
16 kHz and can carry only 2 subcarriers. The guard gap
can be taken full advantage of when Wy, =8kHz.
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Figure 8. Spectrum efficiency (SNR=15db, W,.=5kHz,
Weaap =9 kHz).

Even though the width of the guard gap is standard-
ized, we tried to change the value of Wy, and investigate
its effect on spectrum efficiency. The performance of the
MSFA and CA algorithms were analysed under different
guard gap bandwidths. From Fig. 7, we see that the
smaller the guard gap is, the higher the spectral efficiency
is. The reason is that the smaller guard gap can reduce
spectrum waste. However, a smaller guard gap means that
better filters have to be employed in the design of proposed
WBDT systems. In addition, because the bandwidth of a
subcarrier is 5 kHz, the lines decrease in a series of cascades.

Finally, we studied the performance with different
numbers of users. The trend of spectrum efficiency with dif-
ferent numbers of users in Fig. 8 is similar to that in Fig. 5.
The guard gap has to be reserved between adjacent users.
The channel may not be made full use of by users. M =1 es-
pecially indicates that users arrive one by one, which means
that MSFA can work well with different numbers of users.

It should be noted that the spectrum efficiency for 5
users (M =5) is only slightly higher than that for 10 users
(M =10) when p=0.1 in Fig. 8. The average spectrum
efficiency is 0.3168 for 10 users and 0.3190 for 5 users.
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The reason is that the most of the channels are busy and
there is not enough available space for users when p=0.1.
Furthermore, from Figs. 5-8, we find that a higher SNR
will achieve higher spectrum efficiency.

5. Conclusion

Traditional WDTs cannot satisfy the market demand. We
propose a novel WBDT architecture to solve this problem.
We put great emphasis on the SA algorithm, and the
theoretical analysis and algorithm process are presented.
The performance of the MSFA algorithm is discussed with
different parameters, and the simulation results show that
the architecture and MFSA can achieve better spectrum
efficiency than a CA algorithm.

It should be noted that the MSFA algorithm is de-
signed for maximum spectrum efficiency. This may lead to
unfairness among services when the requests in the queue
are scheduled. Quality of service (QoS) guarantees is an
important issue in wireless communication systems, and
such guarantees in WDBT systems will be discussed in the
future.

Although the WBDT design incorporated here is spe-
cific to China, the methodology and findings should be
relevant to a global audience and offer a complementary
perspective.
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