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Abstract
This paper proposes a new paradigm for spectrum sharing between cellular wireless communications
(CWC) and radio astronomy systems (RAS). In contrast to the existing paradigm of geographical and
spectral isolation between CWC and RAS, this paper develops a three phase spectrum access which
enables geographical and spectral coexistence between CWC and RAS. Shared spectrum access zone
(SSAZ) is created around the RAS site and CWC cells within the SSAZ follow the three phase spectrum
access scheme while those outside the SSAZ have full spectrum access. Additionally, system characteristics based improved spectrum sharing is developed. Furthermore, a built-in fine tuning mechanism is
presented for addressing mismatches between design and practical environments as well as for facilitating
service evolutions. Performance evaluation results demonstrate that the proposed paradigm offers i)
certain guaranteed spectrum access to RAS which is impossible in the existing paradigm, ii) capability
to handle higher peak and mean traffics to CWC under spectrum restructuring of both CWC and RAS
bands, and iii) overall improved spectrum utilization.
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I. I NTRODUCTION
Spectrum sharing has been viewed as an efficient approach for enhanced spectrum utilization
[3] [4]. Some progresses have been made for releasing and relocation of some of the federal
radio spectrum, e.g., [3], and some rule making for shared spectrum access and management,
e.g., [4]. The obvious trend is that the active usage of the radio spectrum will rise substantially across time, frequency and space, which is much desirable from the spectrum utilization
perspective but it could cause harmful radio frequency interference (RFI) to passive services
such as radio astronomy and earth exploration remote sensing. These passive services provide
economically and scientifically important observations of Earth’s environment, our solar system
and the cosmos (e.g., weather/climate forecasting, fresh water resources, discoveries of pulsars,
cosmic microwave background radiation, gigantic molecular clouds where new stars are being
born, active galactic nuclei where giant black holes reside, or solar flares affecting infrastructures
and lives on Earth) [5]. Due to their benefits to society, several of the ITU-R recommendations
stipulate for protection of them [6]–[13]. Thus, it is very crucial to develop new spectrum sharing
paradigms between the active wireless communications and the passive remote sensing systems
that answer the needs of both types of systems. This paper considers spectrum sharing scenarios
between cellular wireless communications (CWC) and radio astronomy systems (RASs).
RASs make astronomical observations in all available atmospheric windows ranging from 2
MHz to 1000 GHz and above [8]. RASs are allocated with some dedicated primary bands and
some secondary bands, but their spectral requirements continue to increase and some observations
in the bands allocated to the active wireless services are essential for RAS [5], [14]. In the past,
sporadic spectrum use of active services allows RAS’s observations in the active service bands
during the unused time intervals. But such opportunities are diminishing quickly as new wireless
systems with dynamic spectrum access proliferate. Furthermore, RFI detection (important task
for RAS [15]–[22]) will become more challenging as commonly used non-Gaussianity test would
become invalid for such emerging scenarios. These imply smaller spectrum access opportunities
and corrupted or less reliable scientific observations for RAS, thus hindering several benefits
and scientific advancements that RAS can offer.
To protect from RFI, RAS receivers are typically set up at remote locations and a radio
quiet zone centered around each RAS receiver (additionally surrounded by a radio coordination
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zone) is imposed by regulation. In view of population growths, ever-expanding active wireless
services, and increased interests in RAS observations and in developing new RAS sites, the
existing geographical isolation approach of RAS receivers in remote locations together with
radio protection zones [23], [24] would not be able to answer the future needs of the society.
New spectrum sharing strategies are in great need, which we address in this paper.
Our contributions are summarized below. We develop a new paradigm of spectrum sharing
between CWC and RAS based on creating a shared spectrum access zone (SSAZ) and three-phase
spectrum access which enables geographical and spectral coexistence between CWC and RAS.
Solutions for different cases of single and multiple RAS receivers as well as single and multiple
shared bands are presented. We also develop advanced resource allocation strategies by exploiting
CWC’s traffic statistics. Furthermore, built-in fine tuning feature is also described to address
design mismatches and service evolutions of CWC and RAS. Simulation study illustrates that the
proposed paradigm offers i) certain guaranteed spectrum access to RAS which is impossible in the
existing paradigm, ii) capability to handle higher peak and mean traffics to CWC under spectrum
restructuring of both CWC and RAS bands, and iii) overall improved spectrum utilization.
The rest of the paper is organized as follows. Section II discusses the perspectives of the
proposed work with respective to the existing approaches. Section III introduces key approaches
of the proposed paradigm, while their detailed designs are described in Sections IV and V.
Section VI presents performance evaluation results, and Section VII concludes the paper.
II. R ELATED W ORKS
There exist several works on spectrum sharing for cognitive radio (CR) or dynamic spectrum
access (DSA), e.g., [25]–[35]. Although the spectrum sharing theme is common, system characteristics, requirements, and specific technical solutions are different between the considered
spectrum sharing paradigm and the existing CR/DSA. Here we briefly describe those differences
which distinguish the proposed approach from the existing ones.
First of all, the systems involved in CR/DSA are active systems while the proposed approach
is between active and passive systems. With active systems, one can sense the signal strength
of the other and can make necessary adjustment which is not the case when passive systems are
involved. Second, RAS single-dish (interferometric arrays) receivers could be 50-60 dB (10-20
dB) more sensitive than receivers in active systems [10], [22]. This means negligible interference
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for active systems could cause disruptive interference for passive systems. For example, [36],
[37] reported that underlay spectrum sharing between CWC and RAS is not applicable. The
spectrum sensing methods considered in CR/DAS [25]–[29] are based on the characteristics of
the active systems and they do not have sufficiently high sensitivity to detect very low level
interferences which are still detrimental to RAS.
Third, the scales of signal receiving time interval (frame length for CR/DSA and measurement
duration for RAS) are quite different. For CR/DSA, the time scale is on the order of millisecond
to seconds. But for RAS, a measurement could require several hours to a few months. The time
windows to watch out for interference are quite different between CR/DSA and RAS. Erroneous
signal detection could be easily overcome in CR/DSA by error control techniques within a short
time interval but it could be a significant loss of time and resources and potentially a complete
loss of scientific information for some time-critical observations for RAS.
Fourth, opportunistic spectrum access as used in CR/DSA is not suitable for the considered
scenario. Imposing RAS to apply secondary opportunistic spectrum access will not work well due
to several reasons- i) unreliable RFI detection of RAS and hence unreliable scientific data, ii) no
guarantee of required spectrum access time for RAS thus ruling out some time-critical observations or time-scheduled measurements, iii) unfair spectrum allocation between two different types
of systems. On the other hand, CWC cannot play the part of secondary opportunistic users as
in CR/DSA since CWC cannot sense when RAS is performing its measurement. Furthermore,
due to different time scales, latency requirement of CWC would not be satisfied. The above
points clearly illustrate that the technical solutions developed for CR/DSA would not be directly
applicable for the considered spectrum sharing scenario.
As for spectrum sharing between active and passive systems, [38], [39] considered spectrum
sharing between CWC and fixed satellite service earth station (FSS-ES). CWC can work only
outside a protection region. The idea is similar to the radio quiet zone. In [40], a transmitnulling space division multiple access spectrum sharing is considered to effectively reduce the
protection region size. Since the interference threshold of FSS-ES is quite larger than that of
RAS, the protection region is quite smaller for FSS-ES. Furthermore, these works assume no
spectrum sharing inside the protection region. In [41], an interweave spectrum sharing approach
is developed to protect RAS from satellite interferences. It considers a radio quite zone around
RAS and lacks in sharing the spectrum with CWC.
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III. P ROPOSED S HARED S PECTRUM ACCESS
The proposed shared spectrum access is based on the new paradigm of geographical coexistence between CWC and RAS systems with some form of guaranteed RFI-free spectrum
access for RAS systems. We propose the following novel approaches to enable such coexistence
paradigm. Their detailed design aspects will be described in the next section.
1. Three-Phase Time Division Spectrum Access: We develop a shared spectrum access strategy
based on the time division approach with three phases. Across time, each frame contains three
phases, namely, CWC only phase, CWC+RAS phase, and RAS only phase. The three phases
are repeated but the durations of the three phases can be time-dependent and different from
repetition to repetition. They are predefined well in advance and known to both CWC and RAS.
During the CWC only phase, CWC transmits but RAS does not collect its data as it is
heavily corrupted by RFI from CWC. During the CWC+RAS phase, each CWC base station
(BS) or its users can transmit during a phase-2 transmit interval (P2TI) which is BS-dependent
and predefined. Fine tuning of the shared spectrum access can also be done during this phase.
During the RAS only phase, there is no CWC transmission within the SSAZ, thus RAS is free
from CWC-induced RFI. RAS conducts reliable data collection during this phase.
2. Three-Phase Time-Frequency Division Spectrum Access: When multiple bands are shared,
we devise a spectrum access strategy which follows the same three phase principle in each band
but positions the frames of different bands in a way to minimize the physical layer latency of
CWC. The design would also depend on the frequency spacing of the shared bands and the
CWC’s out-of-band spectrum characteristics.
3. Adaptive Shared Spectrum Access: As CWC traffic loads vary across time, we also propose
to enhance the above three phase spectrum access strategies by using different modes of resource
allocation between CWC and RAS at different hours of each day. Such adaptation modes and
schedules are predefined well in advance based on the average traffic statistics across time and/or
the planned off-times of RAS. They can be adjusted over a larger time scale in response to service
evolution of CWC and RAS under fair resource sharing between CWC and RAS.
4. Built-in Fine Tuning for the Shared Spectrum Access: We propose that each RAS site
has additional processing units to perform fine tuning for the shared spectrum access. During
the CWC+RAS phase, RAS receiver does not collect scientific data and RAS can do RFI
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measurement, fine timing synchronization with CWC BSs, and fine tuning of SSAZ. This
provides a built-in fine tuning mechanism for addressing design mismatches of the shared
spectrum access or for accommodating service evolutions of CWC and RAS. Details will be
discussed in Section V.
IV. D ESIGN S TEPS
A. Shared Spectrum Access Zone (SSAZ)
SSAZ with 1 RAS receiver: An important step in developing the proposed shared spectrum
access is to define a SSAZ within which CWC and RAS follow the three phase spectrum access
while CWC systems outside SSAZ can access their spectrum freely but their transmissions do
not cause harmful RFI to RAS. For this, we adopt the interference power threshold as defined
in ITU-R RA.769-2 as the maximum RFI level the RAS receiver can tolerate and denote it
by Ith . We consider downlink of CWC with full load to determine the RFI level at RAS. This
corresponds to a worst case RFI scenario (safer design for RFI protection) for RAS. We consider
a path loss model L(d, fc ) at distance r and CWC carrier frequency fc as
L(r, fc ) = σfc2 r−n 10−βr/10 ,
where σ =

2
4π
,
8
3×10

(1)

n is the path loss exponent1 , and β is the atmospheric absorption loss in

dB scale at fc . Suppose the SSAZ is with radius RSSAZ meters centered at the RAS receiver.
We consider two models for the distribution of CWC cells surrounding the RAS receiver.
1) Hexagon CWC Cells: We consider a deterministic model, where hexagon CWC cells, each
with radius RCWC meters, surround the RAS receiver as shown in Fig. 1. The ith tier cell ring
√ q
has Ki hexagon cells with the same distance ri = 3 a2 + a(b + 1) + b2 + 13 RCWC between
BSs of the ith tier and RAS receiver (this result is obtained after applying translation of axis to
the result obtained in [42, Eq. 15.2]), where Ki is the number of all possible ways to get the
same distance ri by choosing any integer values for a and b. Then, the SSAZ design based on
S outer tiers can be given by the radius RSSAZ of the SSAZ as
RSSAZ = min ri0 , s.t. PBS GCWC GRAS
i0

iX
0 +S

Ki L(ri ) < Ith ,

(2)

i=i0 +1

1

We consider a simple distance-dependent path loss exponent defined as n = 2 if d ≤ dLOS and n = nNLOS if d > dLOS ,
where n = 2 and n = nNLOS are the line-of-sight (LOS) and non-line-of-sight (NLOS) path loss exponents √
respectively.
√ For a
safer design, we use the horizon distance dHorizon in km as our dLOS . We obtain dHorizon as dHorizon < 3.57( hRAS + hCWC ),
where hRAS and hCWC are the heights of the RAS receiver and CWC base station in meters respectively.
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RAS Location
Cells that follow SSA
of RAS
Outer tier cells used in
defining the SSAC (S = 2)
Normal cells (full
spectrum access)

Fig. 1. Tiers of CWC cell rings around an RAS receiver

where PBS is the transmit power of CWC BSs, GCWC is the transmit antenna gain of CWC BSs,
and GRAS is the antenna gain of RAS receiver for CWC interferences. Note that due to terrain
constraints, associated path-loss and antenna down-tilting, using a finite S is justified. Fig. 1
illustrates the tiers of CWC hexagon cell rings around an RAS receiver, as well as the outer tiers
(S = 2 for presentation convenience; those in the blue color) used in defining the SSAZ. In this
illustration, the SSAZ is composed of 3 tiers (for presentation convenience) of CWC cells in
the red color and these cells will follow the shared spectrum access approach. The CWC cells
outside the SSAZ, i.e., those in the blue and white color, have full spectrum access and do not
follow the shared spectrum access approach.
2) Poisson Point Process (PPP) Model: We also consider a stochastic geometry model, where
CWC cells are distrusted as a homogeneous Poisson point process (PPP) with intensity ρBS . Then,
the SSAZ design based on the mean interference and outer distance Rout can be given by the
radius RSSAZ of the SSAZ as
Z

Rout

RSSAZ = min r0 , s.t. 2πPBS ρBS GCWC GRAS
r0

Let β̃ =

β ln 10
.
10

rL(r) dr < Ith .

(3)

r0

Using the path loss model in (1), we have
Z Rout


2 n−2
rL(r) dr = σfc β̃
Γ(2 − n, β̃r0 ) − Γ(2 − n, β̃Rout )

(4)

r0

where Γ (m, x0 ) =

R∞
x0

xm−1 exp (−x) dx is the incomplete gamma function. Therefore, RSSAZ

can be obtained by solving the non-linear equation Γ(2 − n, β̃RSSAZ ) = Γ(2 − n, β̃Rout ) +
Ith /(2πPBS ρBS GCWC GRAS σfc2 β̃ n−2 ). It is worth mentioning that by setting Rout = ri0 +S and
√ 2
−1
ρBS = 3 3RCWC
/2 , RSSAZ obtained assuming the PPP model is approximately the same
as RSSAZ obtained assuming hexagon CWC cells.
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RAS 1 Location
RAS 2 Location
RAS 3 Location
Cells that follow
SSA of RAS 1
Cells that follow
SSA of RAS 2
Cells that follow
SSA of RAS 1&2
Cells that follow
SSA of RAS 3
Normal cells (full
spectrum access)

Fig. 2. A scenario with 3 RAS sites which results in a SSAZ with 2 RAS receivers and another SSAZ with one RAS receiver

SSAZ with M RAS receivers: When there are M RAS receivers at different locations within
a region of a potential SSAZ, the above design can be modified as follows. First, for each RAS
receiver, we apply the above design as if there were only one RAS receiver. For RAS receiver
m
^ m within which there are Kin
BSs with the corresponding BS-tom, we obtain the zone SSAZ

RAS distances of {di,m }. Then, the final SSAZ(s) is (are) given by the union of all M zones
^
as {SSAZn } = ∪M
m=1 SSAZm . An illustration of a scenario with 3 RAS receivers is shown in
^ 1 and SSAZ
^ 2 are combined into SSAZ1 while SSAZ
^ 3 stands as SSAZ2 . In
Fig. 2 where SSAZ
other words, there are two RAS receivers with different locations within SSAZ1 and one RAS
receiver within SSAZ2 . Note that there are three groups of cells denoted by different colors
within SSAZ1 due to how their P2TIs are computed (described in the next section).
B. Location-Dependent Three-Phase Frame Structure
After determining the SSAZ, the next step is to design the frame structure for the shared
spectrum access. Let TCWC,k , TCWC+RAS and TRAS,k denote the durations of the three phases
in each frame at hour k, and Tf = TCWC,k + TCWC+RAS + TRAS,k denotes the frame duration.
We address TCWC+RAS first. This phase absorbs propagation delays of different CWC BSs/users
within the SSAZ so that those CWC signals do not arrive at the RAS receiver during the RAS only
phase. The maximum propagation delay difference of CWC BSs/users is R/(3×108 ) (propagation
time from the edge of SSAZ to the RAS receiver). This imposes a lower limit on TCWC+RAS
and we can set TCWC+RAS > κR/(3 × 108 ) where we use κ > 1, e.g., κ = 2, to accommodate
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propagation model mismatches and RFI measurement/testing during the CWC+RAS phase.
To limit overhead due to TCWC+RAS , Tf should be substantially larger than TCWC+RAS . On
the other hand, TCWC+RAS + TRAS,k causes a physical layer off duration for CWC which affects
CWC’s latency performance. To limit the latency, we can introduce a constraint of maximum
physical layer off duration τoff,max such that TCWC+RAS + TRAS,k < τoff,max . Such constraint can
be relaxed if there are other CWC-only resources or shared resources to support the required
latency performance. The resource allocation between TCWC,k and TRAS,k could be set based on
an agreed spectrum sharing policy and an advanced approach is described in Section IV-D.
We allow CWC BSs/users to transmit during their P2TIs provided their transmissions do
^ such
denote the index set of SSAZs
not cause RFI during the RAS only phase. Let JSSAZ,i
^
that BS i is located within each of these SSAZs and di,m represent the distance of BS i to
^ m , m ∈ J ^ . We will use orthogonal frequency division multiplexing (OFDM) since
SSAZ
SSAZ,i
with a proper precoding it can also represent a single-carrier system. Let Tsym represent the
OFDM symbol duration including the cyclic prefix interval. Then, we can design P2TI during
the CWC+RAS phase for BS i, denoted by Text,i as
Text,i =

min b

m∈JSSAZ,i
^

TCWC+RAS − di,m /(3 × 108 )
c Tsym
Tsym

(5)

which represents an extension of the CWC transmission duration for BS i. The minimization in
the above design avoids causing RFI to RAS when a BS is located within an overlapped region
of two or more individual SSAZs. For example, within SSAZ1 in Fig. 2, P2TIs are computed
based on RAS site 1 for the BSs in the red group, on RAS site 2 for those in the blue group;
but P2TI of a BS in the yellow group is selected as the minimum of the two extension durations
due to RAS site 1 and site 2. By this, the yellow group avoids RFI to both RAS sites. Note that
different BSs in the same SSAZ have the same durations of the three phases but their P2TIs can
be different depending on their locations.
C. Design for Multiple Shared Bands
The design presented in the previous sections can be extended for multiple shared bands. As an
example, we consider a scenario with two shared bands. For simplicity of exposure, we assume
in each band that the CWC carrier frequency and the RAS observation band center frequency
are the same. Furthermore, the bandwidths of CWC and RAS are the same in each band but
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Fig. 3. Power spectral density of CWC signals appearing at the two observation bands of RAS

are different from band to band. Fig. 3 shows the power spectral density (PSD) of CWC signals
appearing at the two observation bands of RAS, where fc,i and Wi are the center frequency and
the bandwidth of the ith band of CWC/RAS. We need to determine the SSAZ such that RFI
to the RAS’s data collection in any band is less than the acceptable interference threshold. The
OFDM system at the uth band has an avergae BS transmit power of PBS,u , a subcarrier spacing
0

of ∆fu , an OFDM symbol duration of 1/∆fu (including cyclic prefix; thus ∆fu0 < ∆fu ), Nc,u
used subcarriers with their subcarrier index set Iu , and the carrier frequency fc,u . Then the PSD
of the CWC signal at the uth band, denoted by SCWC,u (f ), is given by


X PBS,u
f − fc,u − i∆fu
2
sinc
,
SCWC,u (f ) =
0
0
N
∆f
c,u ∆fu
u
i∈I

(6)

u

where sinc(x) , sin(πx)/(πx). The normalized interfering CWC signal power centered at fc,u
with bandwidth of Wu within the RAS observation band centered at fc,v with bandwidth of Wv ,
denoted by Ls (fc,u , Wu , fc,v , Wv ), is calculated as
fc,v + W2v

fc,v + W2v

Z

Ls (fc,u , Wu , fc,v , Wv ) =
fc,v − W2v

=

X
i∈Iu

SCWC,u (f )
df <
PBS,u
i∈I

X
u

Z

fc,v − W2v

∆fu0 /(Nc,u π 2 )
df
(f − fc,u − i∆f )2

∆fu0 Wv /(Nu π 2 )

fc,u + i∆f − fc,v + W2v fc,u + i∆f − fc,v −

Wv
2

(7)

.

Therefore, the SSAZ is defined by the radius RSSAZ given by
RSSAZ = max (RSSAZ,1 , RSSAZ,2 ),

(8)

RSSAZ,1 = min ri0
i0

iX
0 +S

s.t. PBS,1

i=i0 +1

Ki L(ri , fc,1 ) + PBS,2

iX
0 +S
i=1

Ki L(ri , fc,1 )Ls (fc,2 , W2 , fc,1 , W1 ) <

Ith,1
,
GCWC GRAS

RSSAZ,2 = min ri0
i0
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Fig. 4. Time-frequency division spectrum access for two shared bands

s.t. PBS,2

iX
0 +S

Ki L(ri , fc,2 ) + PBS,1

i=i0 +1

iX
0 +S

Ki L(ri , fc,2 )Ls (fc,1 , W1 , fc,2 , W2 ) <

i=1

Ith,2
,
GCWC GRAS

where Ith,1 and Ith,2 are the interference thresholds of the two bands. Similarly, the PPP model
described in subsection IV-A2 can be used to define the SSAZ.
Now, we introduce a frame time offset between the frames of the two bands such that the
physical layer off duration (hence latency) of CWC is minimized. This results in a time-frequency
division spectrum access for CWC and RAS. Fig. 4 illustrates the frame structures for the two
shared bands. In this case, with a time offset of Tf /2, the physical layer off duration is reduced
from TRAS + TCWC+RAS to max([TRAS + TCWC+RAS − TCWC ]/2, 0).
D. Resource Adaptation based on CWC Traffic Statistics
CWC wireless traffics show specific temporal usage characteristics and an example of such
statistics within a day is shown in Fig. 5 [43]. Utilizing such traffic statistics, we propose
to enhance the resource allocation through adaptation across time. We consider two resource
allocation problems under the constraint that CWC and RAS must have predefined minimum
resource amounts in each frame and the predefined ratio of the total resource amounts per day
between CWC and RAS is approximately maintained. In the first problem, we optimize the
resource allocation across time to maximize CWC traffic support. In the second, we maximize
the allocated resources to RAS across time during each day while limiting the CWC blockage
probability per hour.
1) Single Shared Band: The frame structure at hour k can be defined by TCWC,k , TCWC+RAS ,
and TRAS,k . Suppose one subframe duration Tsf is the minimum time unit that can be allocated
among the three phases, and there are C resource blocks within Tsf . One frame duration Tf
has nf subframes. The numbers of subframes within TCWC,k , TCWC+RAS , and TRAS,k are nCWC,k ,
nCWC+RAS , and nRAS,k respectively, where nCWC,k +nCWC+RAS +nRAS,k = nf is the same across
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Fig. 5. An example of average (normalized) traffic load within a day

all hours. Note that the actual traffic load fluctuates and hence it can sometimes be higher than
the average traffic load during the considered hour. Suppose the CWC system is designed to
support a maximum of nmax,CWC C resource blocks per frame which is α times the maximum
average traffic load, e.g., α = 1.2. First, the average traffic loads per frame across 24 hours are
scaled in units of resource blocks, e.g., λk arrivals per frame, each requiring a resource block,
during hour k. Then, with λmax = maxk (λk ), we have nmax,CWC C = αλmax . For illustration,
the actual traffic per frame during hour k is modeled as a Poisson process with mean λk . Let
Fk,n = λnk exp(−λk )/n! denote the probability that n resource blocks/frame are requested during
hour k. Then, the CWC throughput per hour for hour k, denoted by ρk (nCWC,k ) or simply ρk ,
is defined as
ρk =

∞
X

Fk,n min (n, nCWC,k C) .

(9)

n=0

Suppose CWC and RAS require a minimum of nmin,CWC and nmin,RAS subframes respectively
in each frame, and the ratio of resource amounts per day between CWC and RAS during the
CWC only and RAS only phases is γ. Then our first resource allocation problem becomes
designing the time-dependent frame structure to maximize the average CWC throughput as
P1 : arg max

24
X

ρk (nCWC,k ),

(10)

{nCWC,k } k=1

s.t. C1 :

24
X

nCWCk ≤ NCWC ,

k=1

C2 : nmin,CWC ≤ nCWC,k ≤ nmax,CWC

∀k.
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The constraint C1 is to satisfy the ratio γ of resource amount per day between CWC and RAS,
where NCWC is the maximum total number of subframes that can be allocated to CWC during a
day which is a function of γ, and NCWC = 24 (nf − nCWC+RAS ) γ/ (1 + γ). The constraint C2
is to make sure that CWC and RAS have at least a minimum number of subframes per each
hour, and nmax,CWC = nf − nCWC+RAS − nmin,RAS . Note that γ has to be less than or equal
γmax , where γmax = nmax,CWC /nmin,RAS is the maximum achievable ratio of resource amounts,
otherwise the problem P1 will be infeasible.
The optimization P1 is a mixed integer convex programming (MICP) problem, and it has
two difficulties. First, nCWC,k has a non-convex integer constraint. Second, although ρk in (9)
is a concave function, it does not have a closed-form expression, and hence we cannot use the
existing MICP solvers (e.g. MOSEK [44]). As a solution to the second difficulty, we truncate the
infinite sum in (9) to a finite number of terms, and then we solve the optimization problem with
the truncated expression by any existing MICP solvers. We keep increasing the number of terms
and solving the optimization problem until the resulting throughput effectively does not change.
However, the number of needed terms increases as λk increases. Alternatively, we can avoid the
second difficulty by applying an accurate approximation to (9) as follows. Using the Gaussian
approximation of Poisson distribution, which is accurate for λk ≥ 10 [45], we approximate ρk
by ρ˜k expressed as (see Appendix A) 
 r
(nCWC,k C − λk )2
λk
nCWC,k C − λk
√
exp(−
−
),
ρ˜k = nCWC,k C − (nCWC,k C − λk ) Φ
2π
2λk
λk
(11)
where Φ (x) is the cumulative distribution function (CDF) of the standard normal distribution.2
It can be shown (see Appendix B) that



∂ ρ˜k
nCWC,k C − λk
√
=C 1−Φ
,
∂nCWC,k
λk

(12)

which is a monotonically decreasing function. Therefore, ρ˜k is a concave function. Now, we
can use any MICP solver for P1 but with ρ˜k . We also apply another method which solves an
integer-relaxed problem and then applies an appropriate rounding [46]. Both methods converge
to the same solution. We adopt the second method (which has lower computational complexity)
to solve the problem P1. Let P̃1 be the integer-relaxed problem of P1 but with ρ˜k . Since ρ˜k
2

For practical system parameters, λk ’s are quite greater than 10 which yield an accurate approximation for ρk . We observe
in our evaluation that solving P1 with ρ˜k gives the same optimal solution obtained by solving P1 with ρk .
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is a concave function and the constraints C1 and C2 are convex, the problem P̃1 is a convex
optimization problem. Therefore, solving the dual problem of P̃1, denoted by D-P̃1, gives the
same solution of the problem P̃1. Define the Lagrangian to be
L({nCWC,k }, µ) =

24
X
k=1

ρ˜k − µ

24
X

!
nCWC,k − NCWC ,

(13)

k=1

where µ is the Lagrange multiplier associated with the constraint C1. The problem D-P̃1 is
given by

D-P̃1 : arg max L({nCWC,k }, µ),

(14)

{nCWC,k },µ

s.t. C2 : nmin,CWC ≤ nCWC,k ≤ nmax,CWC

∀k.

We propose a successive resource allocation method solving the problem D-P̃1. Dropping C2,
the Karush-Kuhn-Tucker (KKT) conditions are



nCWC,k C − λk
∂L
√
=C 1−Φ
− µ = 0,
∂nCWC,k
λk
!
24
X
µ
nCWC,k − NCWC = 0,

(15)
(16)

k=1

where µ ≥ 0. From (15), we get
nCWC,l C − λl
nCWC,k C − λk
√
√
=
,
(17)
λk
λl
for k, l ∈ {1, 2, . . . , 24}. Using (16) and (17), we can solve the resource allocation problem
D-P̃1 in a successive manner to satisfy C2 as illustrated in Algorithm 1 which is described
in the next page. Let fasc,λ (·) represent a function which orders {λk } in an ascending order
−1
and fasc,λ
(·) be the corresponding inverse ordering function. Then, for {λ̃k } = fasc,λ ({λk }), we
−1
({λ̃k }). Generally, elements of {ñCWC,k }M
have {λk } = fasc,λ
k=J obtained by Algorithm 1 are
P
not integers. Thus, we proceed as follows. First, the quantity ∆ = NCWC − 24
k=1 bñCWC,k c

and the set D = {dñCWC,k e − ñCWC,k }M
k=J are calculated. Next, we set ñCWC,k = bñCWC,k c
for k = J, J + 1, . . . , M . Then, we distribute ∆ over as many elements of {ñCWC,k }M
k=J as
possible by 1-unit increase according to the ascending order of D. Next, we obtain {nCWC,k } =
−1
({ñCWC,k }) and then nRAS,k = nf − nCWC+RAS − nCWC,k ∀k ∈ {1, 2, . . . , 24}.
fasc,λ

The second resource allocation problem is to maximize the allocated resources to RAS
provided that constraints on the CWC blockage probabilities per hour denoted by {Bk } are
satisfied. For hour k, Bk , defined as the ratio of the average blocked traffic requests to the
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Algorithm 1 Resource Allocation P1
Input: {λk }, C, nmin,CWC , nmax,CWC , NCWC
Initial: J = 1, M = 24, flag = 1
−1
1: Obtain {λ̃k } and fasc,λ (·) s.t. {λ̃k } = fasc,λ ({λk })
2: while flag do
√


P
1
λ̃k λ̃J
NCWC − M
k=J C λ̃k −
r
3:
ñCWC,J =
P
λ̃
M
k=J

k
λ̃J

for k = J + 1q
to M do


p
5:
ñCWC,k = λ̃λ̃k ñCWC,J + C1 λ̃k − λ̃k λ̃J
J
6:
end for
7:
flag = 0
8:
while ñCWC,J < nmin,CWC do
9:
ñCWC,J = nmin,CWC
10:
NCWC = NCWC − nmin,CWC
11:
J =J +1
12:
flag = 1
13:
end while
14:
if not flag then
15:
while ñCWC,M > nmax,CWC do
16:
ñCWC,M = nmax,CWC
17:
NCWC = NCWC − nmax,CWC
18:
M =M −1
19:
flag = 1
20:
end while
21:
end if
22: end while
−1
Output: {ñCWC,k }, J, M , fasc,λ
(·)
4:

average total traffic requests, is given by (see Appendix C)
∞
X
1
Bk =
(n − nCWC,k C) Fk,n
λk n=n
C+1
CWC,k

= 1 − Q (nCWC,k C − 1, λk ) −
where Q (x, λ) =

Px

n=0

exp(−λ)λx
x!

nCWC,k C
(1 − Q (nCWC,k C, λk )) ,
λk

(18)

is the regularized incomplete gamma function.

The resource allocation problem P2 reads as
P2 : arg min nCWC,k ,

(19)

nCWC,k

s.t. C1 : Bk ≤ k ,
C2 : nCWC,k ≥ nmin,CWC ,
where k is the maximum CWC blockage probability at hour k. Note that k has to be greater

0090-6778 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCOMM.2017.2709319, IEEE
Transactions on Communications

16

than Bmin,k , where Bmin,k is the minimum CWC blockage probability at hour k when nCWC,k =
nf − nCWC+RAS − 1 (only one subframe is allocated to RAS), otherwise no subframes will be
allocated to RAS or the problem P2 will be infeasible. The constraint C2 is to guarantee at least
a minimum number of subframes for CWC per each hour or it can be viewed as a maximum
CWC blockage probability Bmax,k = Bk (nmin,CWC ). The solution of the resource allocation
problem P2 is to set nCWC,k = nmin,CWC if k ≥ Bmax,k . If Bmin,k < k < Bmax,k , nCWC,k can
be obtained by bisection search (or any other one-dimensional search method) within [Nl , Nu ],
where Nl = nmin,CWC and Nu = nf − nCWC+RAS − 1.
2) Two Shared Bands: Now, we consider the case of two shared bands (Band 1 and Band 2)
between CWC and RAS. The two bands may have different ratios of resource amounts between
CWC and RAS given by γ1 and γ2 . In addition, they may have different bandwidths, but we
assume that they are in the same frequency range. Therefore, they can have the same frame
length Tf , but with different numbers of resource blocks per subframe given by C1 and C2 .
Thus, the CWC throughput maximization problem P3 can be written as
24
X

ρk (C1 nCWC1,k + C2 nCWC2,k ) ,
P3 : arg max
{nCWCv,k } k=1
s.t. C1 :

24
X

(20)

nCWCv,k ≤ NCWCv ∀v,

k=1

C2 : nmin,CWC ≤ nCWCv,k ≤ nmax,CWC

∀v, k,

where v ∈ {1, 2} referring to the band number, and NCWCv = 24 (nf − nCWC+RAS ) γv / (1 + γv ).
Since CWC throughput is a function of the sum of total available resource blocks rCWC,k =
C1 nCWC1,k + C2 nCWC2,k , we divide the problem P3 into two sub-problems P3.1 and P3.2 or
P3.3 as will be discussed next. The first sub-problem is given as
24
X
P3.1 : arg max
ρk (rCWC,k ) ,
r
{ CWC,k } k=1

s.t. C1 :

24
X

(21)

rCWC,k ≤ C1 NCWC1 + C2 NCWC2 ,

k=1

C2 : (C1 + C2 ) nmin,CWC ≤ rCWC,k ≤ (C1 + C2 ) nmax,CWC

∀k,

where in P3.1 we combine the constraints of the two bands to be similar to that of the single
band case.
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We can notice that P3.1 has the same structure of P1, and hence it can be solved using
Algorithm 1 to obtain {r̃CWC,k } where {r̃CWC,k } = fasc,λ ({rCWC,k }). Then, {r̃CWC,k } are distributed among the two bands satisfying the constraints of the original problem P3 as follows.
24
J−1
For {r̃CWC,k }J−1
k=1 and {r̃CWC,k }k=M +1 , the corresponding CWC resource amounts {ñCWCv,k }k=1

and {ñCWCv,k }24
k=M +1 in each band will be the same as nmin,CWC and nmax,CWC respectively.
For {ñCWCv,k }M
k=J , there are many ways of distribution among the two bands having the same
{r̃CWC,k }M
k=J . For the case of two different bandwidths (C1 6= C2 ), we propose to choose the
solution maximizing the minimum sum of numbers of CWC subframes per hour in order to have
a minimum latency. In other words, the second sub-problem can be given by
P3.2 :

arg max min {ñCWC1,k + ñCWC2,k }M
k=J
M
{ñCWCv,k }k=J

s.t. C1 : ñCWC1,k C1 + ñCWC2,k C2 = r̃CWC,k
C2 :

24
X

(22)
∀k ∈ {J, J + 1, . . . , M },

ñCWCv,k ≤ NCWCv ∀v,

k=1

C3 : nmin,CWC ≤ ñCWCv,k ≤ nmax,CWC

∀v, ∀k ∈ {J, J + 1, . . . , M },

where the constraint C1 represents the output of sub-problem P3.1. For the case of same
M
bandwidth (C1 = C2 = C), {ñCWC1,k + ñCWC2,k }M
k=J is already determined by {r̃CWC,k /C}k=J .

Hence, one way of allocation is to distribute the resource equally, as much as possible, among
the two bands. In other words, it can be given by
P3.3 :

arg min max {|ñCWC1,k − ñCWC2,k |}M
k=J
M
{ñCWCv,k }k=J

s.t. C1 : ñCWC1,k + ñCWC2,k = r̃CWC,k /C
C2 :

24
X

(23)

∀k ∈ {J, J + 1, . . . , M },

ñCWCv,k ≤ NCWCv , ∀v,

k=1

C3 : nmin,CWC ≤ ñCWCv,k ≤ nmax,CWC

∀v, ∀k ∈ {J, J + 1, . . . , M },

where the constraint C1 represents the output of sub-problem P3.1. The problems P3.2 and
P3.3 are convex optimization problems since the constraints of the two sub-problems are convex
and the objective functions are concave and convex respectively. Therefore, they can be solved
by convex programming techniques such as interior point methods [46]. Then, elements of
{ñCWCv,k }M
k=J are rounded by a similar way to the one used for P1. Next, we obtain {nCWCv,k } =
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−1
fasc,λ
({ñCWCv,k }) and then nRASv,k = nf − nCWC+RAS − nCWCv,k ∀k ∈ {1, 2, . . . , 24}, ∀v.

The second resource allocation problem P2 can be extended to the case of two shared bands
as shown below as P4,
P4 :

arg min

max {nCWC1,k , nCWC2,k },

(24)

nCWC1,k , nCWC2,k

s.t. C1 : Bk (nCWC1,k C1 + nCWC2,k C2 ) ≤ k ,
C2 : nCWCv,k ≥ nmin,CWC

∀v.

Similarly, P4 is divided into two sub-problems, P4.1 and P4.2, in terms of rCWC,k as follows,
P4.1 : arg min rCWC,k ,

(25)

rCWC,k

s.t. C1 : Bk (rCWC,k ) ≤ k ,
C2 : rCWC,k ≥ (C1 + C2 ) nmin,CWC ,
where P4.1 is solved by the same way as in P2. Then, rCWC,k is distributed among the two
bands, if with different bandwidths, as in P4.2,
P4.2 :

arg min

max {nCWC1,k , nCWC2,k },

(26)

nCWC1,k , nCWC2,k

s.t. C1 : nCWC1,k C1 + nCWC2,k C2 = rCWC,k ,
C2 : nCWCv,k ≥ nmin,CWC

∀v,

where the constraint C1 represents the output of sub-problem P4.1. The sub-problem P4.2
is a convex optimization problem since the objective function and the constraints are convex.
Therefore, it can be solved by convex programming techniques such as interior point methods
[46]. If the two bands have the same bandwidth, then nCWC1,k = nCWC2,k = rCWC,k /(2C).
Finally, nCWC1,k and nCWC2,k are rounded up.
In our resource adaptation scheme presented above, the resources are allocated for each hour.
The time interval of resource allocation (which we will call resource allocation time unit) can
be set to other value as needed. For example, we can set the resource allocation time unit to
have a duration of 15 minutes instead of an hour, and in this case the total number of time units
per day Ntime will be 96 instead of 24.
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E. Resource Adaptation based on Spectrum Access Characteristics of CWC and RAS
In practice, RAS sometimes has down-times due to maintenance, equipment update, calibrations, testing, etc. Except for RAS calibrations and testing down-times, the other down-times can
be incorporated in the resource adaptation. Let Ω be the set containing the resource allocation time
units of RAS down-times (except for RAS calibrations and testing down-times) for a considered
day, and H be the size of Ω. If Ω is not time-sensitive within that day and can be designed, the
proposed strategy is to set them to be the H resource allocation time units centered at the time
unit with the highest traffic load. This setting is logical since the time units CWC wants the most
with all spectrum resources are during its highest traffic load. The resource allocation algorithm
first assigns all spectrum resources to CWC for the time units defined in Ω. Next, we modify
the previous resource allocation problems by excluding the resource allocation time units of Ω
and adjusting NCWC to be NCWC = ((Ntime − H) (nf − nCWC+RAS ) γ − Hnf ) / (1 + γ). Then,
solving the modified problems in the same way as before gives the resource allocation for the
time units outside Ω.
V. B UILT- IN F INE T UNING
RAS requires to have spectrum access without harmful RFI while CWC desires to have more
spectrum access opportunities. The proposed approach facilitates them by means of the SSAZ
and BS-dependent guard time intervals during the CWC+RAS phase. However, the channel
conditions, the cell structures, and the wireless traffic statistics in practical environments may
be different from those used in the design. Thus, meeting the system design goal (e.g., avoiding
harmful RFI for RAS) is uncertain. For this critical practical issue, we propose a fine tuning
mechanism which is a built-in characteristic of the proposed three phase spectrum access. During
initial deployment stage, the CWC+RAS phase is designed conservatively to avoid causing RFI
to RAS in the RAS only phase. We also equip each RAS site with additional processing units to
measure RFI from CWC and propagation delays of in-zone CWC BSs. CWC and RAS coordinate
for automatic fine tuning.
In the first phase of fine tuning, we adjust the SSAZ. RAS main receiver is used to measure RFI
from the CWC cells outside SSAZ during the CWC+RAS phase3 (e.g., by subtracting the noise
3

Auxiliary receivers could also be incorporated in performing these tasks as in [47]–[49]
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power estimate from the received power estimate). If RFI level is below the acceptable threshold,
increasing the SSAZ is not required. Otherwise, SSAZ should be increased by including the
bordering outside tier of cells. This process is repeated until the RFI level falls below the
acceptable threshold. If the RFI level is substantially lower than the threshold, we can remove
CWC cells in the bordering inside tier from the SSAZ, one at a time, as long as the RFI level
is below the threshold.
In the second phase of fine tuning, we adjust P2TIs for cells within SSAZ. BSs within SSAZ,
one at a frame according to the predefined order, transmit predefined training signals during a
few beginning symbols (duration less than initial Text,i ) of the CWC+RAS phase. RAS measures
power levels of the received training signals either in the same way as the RFI measurement
mentioned above or based on the power of the channel estimates computed based on the training
signals, e.g., [50]. RAS also measures the propagation delays of those training signals (e.g., based
on the delay in the channel estimates [50]). Then {Text,i } are adjusted to be the largest integer
multiple of Tsym such that CWC transmission during Text,i at the beginning of the CWC+RAS
phase does not cause RFI to the RAS only phase. RAS control station can compute the updated
Text,i and feed it back to BS i.
The above two phases of fine tuning just need to be done once at the initial deployment of the
shared spectrum access. During that time, both CWC and RAS can operate in their respective
CWC only phase and RAS only phase, thus, without any interruption of their normal operation.
If needed, the CWC+RAS phase duration can also be adjusted. Due to service evolution, new
CWC cell sites may need to be added or the existing cells may need to be re-structured (e.g.,
with different coverage zones). Similarly, new RAS sites may be introduced or a different level
of RFI threshold may be imposed. For those scenarios, the fine tuning task can be invoked on a
demand basis during the CWC+RAS phase. This provides a flexible coexistence between CWC
and RAS while accommodating service evolutions of CWC and RAS.
Note that backbone communication between CWC and RAS is required for coordination but
it would be infrequent and with low data rate. Furthermore, timing synchronization is required
between CWC BSs and RAS receivers. For this, one can adopt an existing inter-BS synchronization scheme as used in TDD systems [51] to avoid inter-cell interference between uplink and
downlink. In fact, the fine tuning task also provides fine timing synchronization. As mentioned
before, each BS can transmit known training signal during the fine tuning stage from which
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TABLE I
SSAZ RADIUS FOR DIFFERENT CWC CELL TYPES AND FREQUENCY BANDS

CWC Cell Type

System Parameters

Macro Cells

fc = 2.695 GHz, RCWC = 1 km
PBS = 43 dBm, GCWC = 0 dB
nNLOS = 4 [42], β = 0.006 dB/km [52]
GRAS = −13 dB [9]4 , Ith = −207 dBW [10]
hCWC = hRAS = 24 m

Small Cells

fc = 24 GHz, RCWC = 200 m
PBS = 30 dBm, GCWC = 0 dB
nNLOS = 3.4 [53], β = 0.23 dB/km [52]
GRAS = −13 dB [9], Ith = −195 dBW [10]
hCWC = hRAS = 24 m

SSAZ Radius (RSSAZ )
Hexagon Cells

PPP Model

139.45 km

139.59 km

40.06 km

40.06 km

RAS can obtain the combined timing offset and propagation delay (e.g., [50]). Then RAS can
provide feedback to CWC BSs through the backbone link to adjust their transmission time. Since
this feedback is not time-critical, the feedback link can be based on a dedicated backbone link
or even an internet-based connection between CWC and RAS inter-system control/management
units. Such fine timing synchronization can be implemented on a regular basis (e.g., once per
day) or a need-basis.
VI. P ERFORMANCE E VALUATION
A. Shared Spectrum Access Zone (SSAZ)
The first step in our design is to determine the shared spectrum access zone. We evaluate
the radius of the SSAZ for two different types of CWC cells and frequency ranges, namely,
macro cells operating at the microwave frequency band and small cells operating at/near the
millimeter wave (simply called mmWave) band. The systems parameters and the corresponding
SSAZ radii are listed in Table I. We observe that RSSAZ with small cells is quite smaller than
that with macro cells due to the higher propagation path loss and the smaller BS transmit
power of mmWave signals. In addition, we observe that RSSAZ obtained with the assumption
of hexagon CWC cells is approximately the same as that obtained with the assumption of PPP
√ 2
−1
/2 . Next, we perform our remaining performance evaluations
model with ρBS = 3 3RCWC
using mmWave small cells since it is more appealing to incorporate the proposed paradigm into
the future 5G networks so as to avoid disruption to the operation of current systems.
4

The radio astronomy station receives CWC interference through the antenna side lobe.
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TABLE II
S IMULATION PARAMETERS FOR MM WAVE SHARED BANDS

Parameter

Value

Carrier frequencies (fc,1 , fc,2 )
Bandwidth (W )
Subcarrier spacing (∆f )
Index set of used subcarriers (I)
Symbol duration (Tsym )
Cyclic prefix (CP)
Subframe duration (Tsf )
Frame duration (Tf )
No. subframes per frame (nf )
No. of resource blocks per subframe (C)
No. of subcarriers per resource block
Traffic normalization constant (α)
Ratio of resource amounts per day between CWC and RAS (γ)
Min. RAS duration per frame (Tmin,RAS )

24, 26 GHz
500 MHz
720 kHz
{−345, . . . , −1, 1, . . . , 345}
1.604 µs
215 ns
38.5 µs
1.694 ms
44
115
6
1.2
4/3
0.4235 ms (nmin,RAS = 11)

B. System Design for mmWave Shard Bands
The simulation parameters used in our next design are listed in Table II in addition to the
mmWave system parameters in Table I. A subcarrier spacing of 720 kHz is used to have
robustness against phase noise. The typical RMS delay spread for mmWave channels is in
the order of 10 ns-100 ns [54]. Thus, a cyclic prefix (CP) of 215 ns is appropriate to mitigate
the inter symbol interference (ISI). The CP overhead is about 13.5% of the symbol duration. A
time division duplex (TDD) mode is considered in which the uplink and downlink subframes
alternate. A guard period (GP) of 0.7 µs between the downlink and uplink subframes is used to
absorb the propagation delay.
As two bands (24 GHz and 26 GHz) are used, (8) yields an SSAZ with radius of 45.5 km
which is larger than the single band result in Table I due to the RFI induced by the adjacent
band. Note that this SSAZ size requires a time duration of 151.69 µs to absorb the propagation
delays of different CWC BSs within the SSAZ. Therefore, we set TCWC+RAS = 154 µs, i.e.,
nCWC+RAS = 4 subframes.
We evaluate the existing paradigm where the spectrum is allocated solely to CWC and the
proposed paradigm where the spectrum is shared between CWC and RAS according to the
proposed shared spectrum access. We consider one band and two bands. For the two bands case,
for simplicity of exposure, we consider that each of the two bands has the same bandwidth as
in the one band case, i.e., C1 = C2 = C, and the ratio of the average spectrum requirement
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Fig. 6. Maximum and average radio latency for CWC

between CWC and RAS is the same for the two bands, i.e., γ1 = γ2 = γ. Similarly, the traffic
loads are doubled for the two bands case if compared to the one band case, and hence we set
λmax for the two bands case twice that for the one band case. Due to these settings, the resource
allocations of the two shared bands will be the same.
C. Radio Latency
We consider the round trip time (RTT) as the minimum radio latency. The RTT is defined as the
time from the start of data transmission to the reception of the acknowledgment (ACK). A simple
RTT model is considered in which one subframe is used for data transmission, data decoding
takes one subframe interval, and then ACK is transmitted in the next reverse link subframe.
Therefore, the minimum RTT is about three subframes duration of 115.5 µs. However, due to
the RAS observation duration, the ACK of the last uplink/downlink subframe is received in the
next frame. In addition, if a service is required during the RAS period, it has to wait until the
next CWC period. Thus, the minimum number of CWC subframes per frame nmin,CWC affects
the radio latency requirement. On the other hand, for most of the existing CWC services, an
average radio latency of 1 ms is more than sufficient.
Fig. 6 shows the average and maximum radio latency as a function of nmin,CWC for the
proposed paradigm. The results show that in order to satisfy a maximum radio latency of 1 ms,
nmin,CWC has to be at least 22 subframes for the single shared band case. On the other hand,
nmin,CWC is only 6 subframes for the two shared bands case assuming that TDD is applied in
both bands. If the constraint is an average radio latency of 1 ms instead of the maximum radio
latency of 1 ms, nmin,CWC decreases for both one band and two bands cases, which is expected.
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(a) Resource allocation for single shared band (nmin,CWC = 22) (b) Resource allocation for two shared bands (nmin,CWC = 6)
Fig. 7. Adaptive resource allocation for maximizing average throughput

Note that a smaller value of nmin,CWC (for the two bands case if compared to the one band
case) could reduce unused spectrum for CWC during very low traffic load, thus it could enhance
spectrum utilization efficiency.
Note that defining nmin,CWC puts a minimum value γmin for the ratio of the total resource
amounts per day between CWC and RAS that can be achieved as γmin = nmin,CWC /(nf −
nmin,CWC − nCWC+RAS ). As a result, τlatency , nmin,CWC , and γmin are related to each other, and
sometimes there may be a trade off between τlatency and γ. For example, for the single shared
band case and a maximum radio latency of 1 ms (nmin,CWC = 22), the equal resource allocation
between CWC and RAS per day (γ = 1) is not achievable since γmin = 1.22. However, these
requirements are achievable for the two shared bands case since γmin = 0.1765 with nmin,CWC =
6. Based on the results in Fig. 6, for the next performance evaluation, we set nmin,CWC to 22
and 6 subframes for the single shared band and two shared bands cases, respectively.
D. CWC Throughput
Next, we evaluate CWC throughput performance for the one band and two bands cases under
the CWC-only spectrum allocation paradigm and the proposed shared spectrum access paradigm.
We apply the solution for maximizing the average CWC throughput (i.e., for P1 and P3).
Fig. 7a and Fig. 7b show the resource allocation in each band during each hour for the cases
of single shared band (P1) and two shared bands (P3), respectively. The corresponding CWC
throughput performances are shown in Fig. 8 where the average throughput is normalized by the
maximum average traffic load of each of the one band and two bands cases for the convenience of
presentation. Thus, for the CWC-only spectrum allocation, the normalized average throughputs
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Fig. 8. CWC average throughput comparison between the CWC only allocation and the proposed shared allocation

are the same for the one band and two bands cases, and they are shown as one entity in the
plot. For relative (un-normalized) average throughput comparison between the one band and two
bands cases, the values for the two bands cases in the figure should be doubled.
The results in Fig. 7a and Fig. 7b show that for the two shared bands case, the resource
amounts allocated to CWC approximately follow CWCs average traffic loads shown in Fig. 5
in a better way than that for the single shared band case. At the hours with low traffic load, the
resource amount needed to maintain the CWC latency requirement is larger than the average
traffic demand for the evaluated system. Thus, it is observed that the resource amounts allocated
to CWC at the low-traffic hours are set to nmin,CWC to satisfy the latency requirement. This
illustrates a tradeoff scenario between spectrum utilization and latency support for CWC. At the
hours with high traffic load, the resource amounts allocated to CWC are limited by nmax,CWC .
Consequently, as shown in Fig. 8, CWC experiences reduced throughput at the hours with high
traffic load which is expected due to allocation of a minimum of nmin,RAS = 11 subframes per
frame to RAS. We also observe in Fig. 8 that the two band sharing gives some throughput
advantage over the one band sharing. The reason can be explained as follows. Due to the frame
time offset between the two bands, the resource amount needed to maintain latency requirement
is smaller for the two band scenario than the one band scenario. This translates that a smaller
resource amount is allocated at low-traffic hours (thus a slightly smaller normalized throughput)
but a larger resource amount at hours with medium or close-to-high traffic loads (thus a larger
normalized throughput) for the two band case than the single band case. Furthermore, we observe
that except at peak traffic load, the proposed paradigm (especially with two shared bands) yields
CWC throughput similar to the CWC-only spectrum allocation.
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Fig. 9. Allocated subframes per band to RAS during each hour under P2 and P4
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Fig. 10. CWC blockage probability during each hour under P2 and P4

E. CWC Blockage Probability
Next, we evaluate CWC traffic blockage probability of the proposed paradigm under the
resource allocation problems P2 (for one band) and P4 (for two bands). Fig. 9 shows the allocated
subframes in each band to RAS and Fig. 10 presents the corresponding CWC blockage probability
during each hour. To satisfy CWC’s maximum latency constraint of 1 ms, the maximum number
of RAS subframes per frame nmax,RAS is 18 and 34 for the single shared band and two shared
bands cases respectively. Therefore, as observed in Fig. 9, for the two shared band case, more
resources can be allocated to RAS at the hours with low traffic load than that for the single
shared band case while satisfying the CWC blockage probability constraint of 0.1. The results
in Fig. 9 yield the resource ratio of γ = 1.7586 for the single band and γ = 1.2482 for the
two bands case. On the other hand, Fig. 10 shows no blockage at the hours with low traffic
load for the single shared band case since the minimum CWC subframes nmin,CWC to satisfy the
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Fig. 11. Spectrum utilization comparison between the CWC only allocation and the shared allocation

latency requirement is notably greater than the minimum CWC subframes to satisfy the blockage
probability constraint. Overall, the proposed allocations for both one band and two bands cases
satisfy latency and blockage probability constraints and the two bands case gives more spectrum
access to RAS while the one band case yields smaller CWC blockage probability.
F. Average Spectrum Utilization
As spectrum is a precious resource, spectrum utilization is an important performance indicator
for spectrum allocation and access policies/technologies. Fig. 11 shows the average spectrum
utilization per hour defined as ηk = (ρk + nRAS,k C)/(nf C) for the single shared band (P1) and
ηk = (ρk + nRAS1,k C1 + nRAS2,k C2 )/(nf (C1 + C2 )) for the two shared bands (P3). The results
under P2 and P4 show similar behavior and hence the plot is omitted. As expected, the proposed
shared spectrum access yields average spectrum utilization of about 91% which is much larger
than if the spectrum is allocated to CWC only. Under the proposed paradigm, the two shared
bands case yields higher spectrum utilization efficiency than the single shared band case. The
reason is that for the single shared band case, the average spectrum utilization decreases at the
hours with low traffic load since nmin,CWC C imposed by the latency constraint for this case is
greater than the average required resource amounts.
G. Performance for Different Deployment Scenarios
The performance results presented in the previous sections could be related to several deployment scenarios. If the scenario is that new band(s) is (are) allocated for shared spectrum access
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between CWC and RAS and CWC has no other band, then the results of the proposed shared
access represent an example performance of a fair and guaranteed shared spectrum access. In
this case, both CWC and RAS benefit from the new band(s).
Suppose the scenario is that CWC also has another non-shared band in addition to the new
shared band(s). Then the CWC’s non-shared band can be used to handle its latency requirement
and the constraint on nmin,CWC can be removed or reduced in the resource allocation optimization.
The result would be a throughput improvement for CWC, and an example result can be seen in
Fig. 8 by comparing the normalized throughput between the case with nmin,CWC = 22 (single
band) and that with nmin,CWC = 6 (two bands).
Another scenario is that band 1 was previously allocated to CWC and band 2 was to RAS,
but now the two bands are restructured as shared bands for CWC and RAS. In this scenario, the
advantage of the spectrum restructuring can be observed as follows. First, RAS now has certain
guaranteed spectrum access in both bands but in the previous allocation RAS does not have
guaranteed spectrum access in band 1. Regarding CWC throughput performance, by comparing
the normalized average throughput for the CWC only case with two times the normalized average
throughput of the proposed two bands sharing case, we can infer that the spectrum restructuring
provides capability of serving much higher peak traffic as well as mean traffic. Overall, the
proposed shared spectrum access paradigm offers a win-win outcome for both CWC and RAS.
VII. C ONCLUSIONS
We have proposed a new paradigm of shared spectrum access between CWC and RAS by
means of the three-phase spectrum access strategy. Shared spectrum access zones (SSAZs) are
established around RAS sites. CWC systems within those zones follow the three-phase access
while those outside SSAZ have full spectrum access. Both time-division and time-frequency
division three-phase access schemes are presented. Interaction between CWC latency, minimum
resource amount and resource ratio between CWC and RAS is discussed. A built-in fine tuning
mechanism is described for addressing design mismatches and service evolutions. Average traffic
pattern based resource allocation is further developed. The simulation results show that CWC
systems within SSAZ experience slight throughput reduction at peak traffic hours (if compared
to the case where spectrum is solely allocated to CWC only) but RAS achieves substantial
RFI-free spectrum access which were infeasible in the existing paradigm. When a new shared
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band is allocated or the existing CWC and RAS bands are restructured as shared bands, the
proposed approach offers benefits to both CWC and RAS. The overall spectrum utilization is
also substantially enhanced, thus illustrating high potentials of the proposed paradigm.
A PPENDICES
A. Derivation of (11)
Using the Gaussian approximation of Poisson distribution, we approximate ρk by ρ˜k as
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where Φ (x) is the cumulative distribution function (CDF) of the standard normal distribution.
B. Derivation of (12)
Using (27), we can write
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Applying Leibniz integral rule [45, Eq. A.2-1]), we get
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C. Derivation of (18)
For hour k, the CWC blockage probability, Bk , in (18) is derived as follows.
Bk =
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= 1 − Q (nCWC,k C − 1, λk ) −
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is the regularized incomplete gamma function.
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