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Abstract

Radio communication, one of core contents in wireless communicatjas facing a great
crisis of running out of resource. Unlike other energy crisis whichrcée solved by using all
kinds of alternative energy, the only resource of radio communigah is channel, in another
word, spectrum. Rather than sticking on trying to achieve the résone percent of capacity,
more and more scholars start to realize that methods reuse theigting available channel
such as cognitive radio and full-duplex transmission lead a much briggntfuture.

Both cognitive radio (CR) and full duplex transmissions are e ectivaneans to enhance
spectrum e ciency and network capacity. In this paper, we invesgate the problem of
power control in an underlay CR network where the CR nodes are gable of full-duplex
(FD) transmissions. The objective is to guarantee the required qlity of service (QoS) in
the form of a minimum signal-to-interference-plus-noise (SINR) t@ at each CR user and
keep the interference to primary users below a prescribed thredth. We design an e ective
distributed power control scheme that integrates a proportioriantegral-derivative (PID)
controller and a power constraint mechanism to achieve the aboveals. We analyze the
stability performance of the proposed scheme and develop a hybacheme that can switch
between FD and half duplex modes. The proposed schemes are vaédawith extensive

simulations.
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Chapter 1

Introduction

1.1 Cognitive Radio

In recent years, an unprecedented increase in wireless data haem observed, largely
due to the proliferation of smartphones, tablets and other wirelesdevices. The exploding
wireless data calls for e ective technologies for enhancing speactrwitilization and wireless
network capacity. To this end, cognitive radios (CR) have been regnized as one of the
key technologies to meet this grand challenge on wireless networlpaeity. As an e ective
means of sharing spectrum among licensed (i.e., primary) users (Pahd unlicensed (i.e.,
secondary) users (SU), CR has been demonstrated to achievehhidilization of the scarce
spectrum resource [23, 24].

Due to the rapidly running out of spectrum over available frequencin communication,
CR has become a promising solution to reuse frequency resourceR Was motivated by
recent spectrum measurements by the Federal Communication @mission (FCC), where
temporal and geographical variations in the utilization of assignedoectrum are found to
range from 15% to 85%, and a signi cant amount of the spectrum meains unutilized. A
CR is an advanced radio device that enables dynamic spectrum acc@SSA). It represents
a paradigm change in spectrum regulation and access, from exclesise by primary users
to shared spectrum and dynamic access for secondary usersribance spectrum utilization
and achieve high throughput capacity. CR has profound impact ondw future wireless
networks will be designed and operated and has become one of thggested key concept of

5G criterion.
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Figure 1.1: SDR product [2]

1.1.1 Software-de ned Radio

Before saying something about CR, we need to acquire the concepiout one of its key
predecessor technology software-de ned radio (SDR) rst.

With the development of wireless communication and microelectronitschnology, SDR
has been o cially introduced to the public in 1991. With its presence, itis de ned as \A
radio platform of which the functionality is at least partially controlled or implemented in
software” [22]. According to the de nition, if certain kind of wavefam has been saved in
the memory of SDR product, it should be able to be employed on anyefjuency.

Thanks to the industriousness of manufactures, the hardwareeeded for SDR has be-
coming quite a ordable for commercial use. This also induced moretantion about this
technology and caused a virtuous cycle. Nowadays, SDR productéelikvhat is shown in

Fig. 1.1 is quite common to see and bene ts a lot of ensuing works.

1.1.2 The Birth and De nition of Cognitive Radio

Joseph Mitola IIl [1], who is now a professor at Stevens Institute ofechnology, is

well known as the father of CR technology. In 2000 he nished his dtoral defense with



dissertation \Cognitive radio|An integrated agent architecture f or software de ned radio”
and de ned CR for the rst time.

At rst, CR is seen as a \intersection of personal wireless technajy and computational
intelligence™" and should be de ned as \A really smart radio that would le self-aware, RF-
aware, user-aware, and that would include language technologydamachine vision along
with a lot of high- delity knowledge of the radio environment”. Howe\er, just like Hamlet
in eys of di erent people, this de nition is too large for a single technogy and has caused
various understandings. In \Cognitive radio: Brain-empowered waless communication”
[11], Simon Haykin rede ned CR as \an intelligent wireless communicatiogystem that
is aware of its surrounding environment, and uses the methodology understanding-by-
building to learn from the environment and adapt its internal statedo statistical variations
in the incoming RF stimuli by making corresponding changes in certairperating parameters
in real-time, with two primary objectives in mind: highly reliable communiations whenever
and wherever needed; e cient utilization of the radio spectrum.” Tosimplify the conclusion,
he used six words to represent the characteristcs of CR: \awaess, intelligence, learning,
adaptivity, reliability, and e ciency".

Due to the blossom of CR research, U.S. FCC has proposed their @aat and strict
de nition of CR which is \A Cognitive Radio is a radio that can change its tansmitter
parameters based on interaction with the environment in which it opates. The majority
of cognitive radios will probably be SDR but neither having software or being eld pro-
grammable are requirements of a cognitive radio". From then on, ihde nition becomes a

recognized meaning for CR.

1.1.3 Interoperability and Dynamic Spectrum Access

For its all kinds of capabilities, CR has enabled a list of applications. Haver, the most

well-known and widely used two implementations are Interoperabilityred DSA.
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Figure 1.2: Safety teams with di erent standard or operating fregency [22]

Interoperability

How to understand interoperability? Let us start from a existing tagedy rst: In August
2005, The Hurricane Katrina struck New Orlean, caused mass ca$iy and property loss.
After the disaster, a lot of people has blamed government for reaxy too slow. Not everyone
knows that, but one important reason for the problem is the lackingf interoperability. The
communication equipment used by local rescue teams (For instanp®lice and hospital) has
di erent speci cations so that they cannot cooperate with each ther e ciently, like Fig. 1.2.

Imagine, if they can communicate with each team smoothly, how manrywes can be
saved? Although set their equipments all in a united frequency at éhbeginning is not
possible due to feasibility and security problems, we could still solvediproblem by bene ting
from interoperability of CR. As we have discussed in the former pat CR has the ability of
adaptivity and is fully capable of dealing this. CR may recon gure all tle existing standards

in a single form, thus to allow them communicating with everyone.
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Figure 1.3: Platform for inter-radio system switching with CR [10]

Interoperability even have other practical use in commercial usag Fig. 1.3 shows the
design of inter-radio system with cognitive radio system. In the gre, a cognitive radio
basestation has the ability to \translate" all kinds of wireless standrds so users will be able
to connect with each other even they used to be in a di erent netwhk. Still fearing about

phones cannot be used in a foreign country? That is an old story.

Dynamic Spectrum Access

Spectrum is now considered as a valuable resource in wireless compation, and re-
source is always accompanied with allocation problem. Internationdlelecommunication
Union (ITU) has provided a general plan for global spectral use dnFCC is in charge of
regulating spectrum use in the U.S.. As shown in Fig. 1.4, spectrum is alaged mostly for
licensed users. Licensed user pays considerable money for odogpgertain band in order

to guarantee their QoS.



UNITED

STATES i
FREQUENCY !?l ] T

ALLOCATIONS g ‘ L
LGuREIL - -

THE RADIO SPECTRUM

]
pEEEOEEEDD

| 1Et

8

ppEN;EEEEEDNNDE] [
]

Figure 1.4: Frequency allocation charts for the United States [18]



active wireless transmissions

Fower Spactral Densty [dBm]

s i
A dn0ccup|ed wireless spectram =
938 04 i

50 = am
s T <10

- 83
828
Tune [3]

Figure 1.5: Spectrum measurement across the 928 to 948 MHz bawml June 19, 2008
(Worcester, MA, USA) [22]

As we all know, spectrum is limited, with most of the spectrum occupieby licensed
user, the usage of radio communication seems to be \dead" too. whver, the e ciency
of the current allocation mechanism has been challenged by more amdre surveys. As a
matter of fact, these surveys indicate considerable waste in theage of licensed spectrum,
like Fig. 1.5. Frequency around 808z is usually seen as one the best range since it is both
good for wall-piercing and transmission. Knowing the value of such etrum forces people
rethink about current allocation.

Upholding the idea of saving and basing on the possible technology, Egrompts
the concept of DSA. DSA encourage unlicensed user to \borrowpectrum from licensed
users. Quite obvious, the CR platform is facing two problems here:h& needing of being
environmentally aware and the needing of rapidly recon gurable. Wt the progress of CR

technology, the idea of DSA which needs unlicensed user accessmiicensed spectrum while



protecting primary user (PU) is completely realizable. For a secondauser (SU), usually
there are two approaches to accomplish such task: Overlay anddanlay.

In overlay approach, CR will try to nd out some random, small idle bads rather than a
single wode spectrum. This shows the \aggregate" ability of overl@yR. Figuratively, overlay
CR is working like pouring sand into the crevice of stones. Stones ditee SUs who has lled
in the space, and sand like overlay SUs can fully utilize the rest rescar The main idea of
overlay CR technology is to reuse all the unused spectrum, sinceetk is no PU using it, it
should never collide with PU. In another word, it is temporarily playing he role of a PU. One
representative application for overlay is opportunistic spectrumacess (OSA), which usually
goes hand in hand with multicarrier modulations schemes and speatnusensing technology.
Overlay may sometimes o ense the right of PUs due to false spectnusensing. Although
overlay is solving the problem, it sometimes has to face the pain of laoy stability.

To the opposite, underlay uses another way of thinking. While oveslas surely a great
idea and is making good use of wasted spectrum, underlay is evenoaghing and shows
the ability of utilizing spectrum which is still in use. Rather than the saul in the crevice,
underlay technology is more like the cream on a cup of Mocha. Co ead cream stays
in di erent layer, they never collide with each other and can stay togther in peace. To
achieve such characteristics, underlay technology has to applyvgr control technology and
remain in a low interference. Underlay technology is capable of usingyaband due to its
characteristic, however it also has problems like being unable to tremit in long distance
due to low transmission power and its high frequency carrier wave.

In CR networks, the most important design factor is to balance théension between
PU protection and SU spectrum access gains [23]. On one hand, tlagacity of SUs should
be maximized to \squeeze" the most out of the spectrum. On the lo¢r hand, the adverse
impact to PUs, resulting from sharing spectrum with SUs, should beebt below a tolerable
level. Obviously, these are two con icting goals that should be balagd in the design of

CR networks. In the so-called overlay CR networks, PU protectiors achieved by spectrum



Figure 1.6: Full-duplex wireless transmission

sensing and spectrum access only when the PUs are sensed ab@3jt In the so-called
underlay CR networks, both PU and SU transmissions coexist in thase spectrum band,

and PU protection is achieved by carefully controlling the power of #1SU transmitters [17].

1.2 Full-duplex Transmission

Recently, a breakthrough in wireless communications is FD transmies [5{7,14]. Tra-
ditionally, wireless communications are all half duplex (HD) due to the lge path loss
typical in wireless transmissions. If FD transmission is allowed, the I&anterference will be
so strong (like the sun) and the weak received signal from a remdtansmitter (like stars)
will be completely overwhelmed and cannot be decoded. Recentlycearaging results have
been reported on enabling FD wireless transmissions in both single linkdaa network set-
ting [5{7,14]. The enabler of HD is the recent advances in self-interence suppression
(SI1S). Various e ective SIS techniques have been proposed anelsted, such as antenna
separation [7], antenna cancellation [6], signal inversion and adaptigancellation [14], and
combined optimal antenna placement and analog cancellation [20]. I®]2the author showed
a practical implementation that can suppress self-interferencé&l) for up to 80 dB, which

should be su cient for many application environments [3].

1.2.1 De nition of Full-duplex Wireless Transmission

FD wireless transmission is de ned as a wireless transmission which isntounicating

in both directions simultaneously, as shown in Fig. 1.6.



Figure 1.7: Half-duplex wireless transmission

FD is quite common in wired communication equipments, such as Ethesn The tech-
nology is quite simple too: It simply enables connections work by makirggmultaneous use
of two physical pairs of twisted cable, one pair for receiving paclethe other is used for
sending packets. However, when things come to single channel \eiss network, everything

has changed.

1.2.2 Problem and ldeas

Until today, most wireless equipments still remains in the half-dupleXHD) age like
Fig. 1.7 Unlike the wired communication, wireless has some innate proflén implementing
FD on a single channel: The direction of signal cannot be guided. Fomareless equipment,
the self-issued signal is always omnidirectional and will also be receiviey the receiver of
its own, with little path loss due to extremely near distance. Meanwhilethe desired signal
coming from the other equipment is nearly negligible comparing to thegmal transmitted
by itself. As we may all know, a signal with too low SINR could not be deced. And that
is the problem of FD on a single channel: S| adds a destructive impaat @s own receiving

antenna.
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After locking on the problem, some idea to solve the problem has aldgaemerged, and

they are all classi ed into SIS technology.

Radio Frequency Cancellation

Radio Frequency (RF) cancellation is a chip based SIS method [19]. Sinee must
know transmitted signal and received signals. So we could use thems iaputs and take
the di erence of the received signal with the Sl (the transmitted ignal) as the output. By
changing the amplitude and phase of the interference referenagnsl we can try to match
the interference in the received signal. An RF splitter is also used tivg the transmit signal

to the cancellation circuit as the interference reference.

Digital Cancellation

Digital cancellation is another key technology for SIS. As for nowhere are two well-
known way for digital cancellation. First one is decode and cancellatio The transmitted
packets are all marked with special symbol rst. After receiving lie original signal, the
receiver decodes it, pick out all interference packets and thenelpackets are clean. The
other digital cancellation is called coherent detection, which use atdetor to correlates the
incoming signal with the transmitted signal. Since the detector havull knowledge about
the transmitted signal, it is capable to estimate the delay and phaséniét of the received
signal, so it can use the transmit signal to correlate with the interfence. The second method
need no modulation of the signal and is backwards compatible so thechnique is somehow

seen as a better one.

Antenna Cancellation

Antenna cancellation is maybe the most important technique of thentee because it re-
ally has shown a signi cant ability in SIS. The idea of this method is usinggirs of transmit-

ters to destroy their e ect on the receiver. As we all know, radio ia kind of electromagnetic

11



Figure 1.8: SIS design proposed in Mayank Jain et. al

wave and it has crest and trough, so by properly placed we can adest with trough on the
receiver's location so they will cancel each other. Although e cientantenna cancellation is
usually deployed together with other two method to ensure a bettgesult, like the design

in 1.8.

1.3 Motivation for Our Work

The high potential of FD has attracted substantial interest. Howver, the mainstream
FD research nowadays has only focused on feasible physical layerhhiques or the per-
formance analysis for certain utilization. Although some advancesave been made, the
important problem of guaranteeing overall system performance y&t to be studied. Since
the compelling objective of FD transmission for fully utilizing the limited esource of wire-
less networks meets the core purpose of CR technique, we praptiscombine FD with CR.
Thus, certain problems such as \If FD transmission could also imprevthe performance in
CR networks under certain circumstances?" remains to be answdr. Unlike HD trans-
mission which mostly cares about distance as the fading parametéi) transmission has to

take more consideration of a set of much more complex data such&issuppression factor

12



and SINR ratio. Their relationship and impact are highly important forour research, and

could lead a revolution to the new communication criterion.

1.4 Background and Related Work

FD transmission is a new technology to push the limit of single channedrmmunications.
In [6], the authors proposed basic concepts such as RF and digitahcellations and discusses
potential MAC and network gains with full-duplexing. In [20], the autlors presented the
design and implementation of a real-time 64-subcarrier 10 MHz full-diex OFDM physical
layer, and demonstrated up to 80 dB SI suppression with experintsen In [14], the authors
presented a full duplex radio design using signal inversion and adayet cancellation, as well
as a full duplex MAC design and evaluation results with a testbed of S@otype FD nodes.
In [5], a MIMO FD design was presented, while FD cellular networks havseen investigated
in some recent papers [8, 21].

CR has been recognized as an important technology for enhancingestrum access
e ciency [23,24]. In the class of overlay CR networks, SUs senseetlspectrum and access
the spectrum when PUs are absent. In the class of underlay CR netrks, SUs coexist with
PUs in the same spectrum conditioned on limited interference to theU. Both techniques
can be transparent to PUs [23]. In a recent work [3], the authors gposed to combine FD
with CRs. The FD capability can be utilized to allow current two-way transmissions for the
SUs, as well as enabling SUs to transmit while sensing.

Feedback control has found wide application in communication and wweorking systems.
A modern overview of functionalities and tuning methods for PID cdrollers was presented
in [4]. In [12], a proportional (P) controller was developed for streaimg videos to stabilize
the received video quality as well as the bottleneck link queue, for tohomogeneous and
heterogeneous video systems. A modern overview of functionabtiand tuning methods

for PID controllers was presented in [4]. In [9], the author preserdea PID based power

13



adjustment algorithm that was later extended in [17], which develogea PID control for
power control in underlay CR networks.

In this paper, we investigate several control model based on dieaghannel full duplex
cognitive radio, which is di erent from previous work. By taking inteiference cancellation
factor into consideration we can surely acquire a better througlup and more accurate conse-
guence. This work is inspired by the recent idea about single chaniiell duplex transmission
and has utilized the model listed in [17]. Some math proofs may comeafthe previous

work which has been nished in [16] and [3].
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Chapter 2

System Model and Problem Formulation

2.1 System Model

Consider an underlay CR network as illustrated in Fig. 2.1. There is a pnary network
with active transmissions using a licensed spectrum band. A co-loedtsecondary network
consists of § + 1) secondary users (SU), termedlR;, i = 1;2; ;s+ 1, where s is an
odd number. The SUs are paired to formg+ 1)=2 FD transmission links, i.e., TR; is
transmitting to, and simultaneously receiving fromTR;.; , whilei is an odd index. Due to the
underlay spectrum sharing policy, the SUs are allowed to use the saspectrum band as the
primary network. For protection of the primary network, there ae p detection points (DP)
in the primary work that measure the interference from the secdary transmissions. Such
interference should be kept below a threshold at the DP locations gyectively controlling
the power of the secondary transmitters.

In Fig. 2.1, g; denotes the channel gain fro”TR; to DP;; h; represents the channel
gain fromTR; to TR;; and ?Z is the sum of the total interference from primary transmissions
and the noise power affR;. To simplify notation, we assume channel reciprocity, i.eh;;
(or g;) is equal toh;; (or g;) for all i, j.

For each FD link, the Sl isP;(t)h2, where P;(t) is the transmit power of TR; and h;
is the channel gain fromTR;'s transmitting antenna to the receiving antenna. We assume
that each TR; utilizes SIS, and the residual Sl is reduced té® ;(t)hz, where is a constant
in [0;1] depending on the specic SIS design. When = 0, it is the perfect case where
the Sl can be completely canceled; when = 1, it is the worst case without SIS and FD
transmission is not possible. Usually is a small number, e.g., at least 45 dB across a 40

MHz band and up to 73 dB for a 10 MHz OFDM signal [14].
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2.2 Terms and Parameter De nition

Since this theis contains a lot of terms and parameters, this secti@ms to clarify the

confusion for what each term or parameter stands for.

2.2.1 Signal-to-Interference-plus-Noise Ratio

Signal-to-interference-plus-noise ratio, or SINR is de ned as tlpower of a certain signal
of interest divided by the sum of the interference power and the per of noise. According
to the value of interference power and noise power, SINR may als@argl for Signal-to-
interference ratio (SIR) or Signal-to-noise ratio (SNR).

In the thesis, we use to represent SINR.

2.2.2 Additive White Gaussian Noise Channel

Additive white Gaussian noise channel, as know as AWGN channel, egegs a certain
kind of channel model. Here, the additive noise has a uniform powetrass the frequency
band and is normal distributed in the time domain.

In the thesis, we assume the whole system is using AWGN channel.

2.2.3 Channel Capacity and Transmission Rate

Channel capacity is de ned as the upper bound on the rate of inforation that can
be reliably transmitted over a communications channel. According t8hannon, the channel

capacity of AWGN channel is

C = Blogy(1 + SNR) (2.2)

Here, B is the bandwidth of channel.
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In the thesis, we useR to represent the transmission rate, the transmission rate is ideal
rate when there is no error possibility during transmission and has ee normalized with

B =1Hz.

2.2.4 Fading Distance

Since wireless signal will lose power during transmission, we usually usaths model
with distance to evaluate the path loss. The distance is what we calding distance.

In the thesis, we used; or d;; to represent the fading distance.

2.2.5 Self-Interference Suppression Factor

In FD technology, the transceiver is capable to suppress its ownatismission signal in
the receiving antenna in order to enable FD transmission. Howevehe transmission signal
cannot be cancelled completely so we use a SIS factor to denotedhpability of suppression.
It is de ned as the power of processed Sl divided by the power ofigmial SI.

In the thesis, SIS factor is written aschi.

2.2.6 Mode Tuning Threshold

In our design, we propose a hybrid mode which would select HD or FD nheautomat-
ically in order to gain optimal throughput. The factor that decide the mode selection is the
mode tuning threshold.

In the thesis, mode tuning threshold is represented witfi.

2.3 Problem Statement and Equations

For the FD CR network to work properly, two conditions should be di#s ed by control-
ling the transmit power of the TR;'s. The rst condition is primary user protection. That is,
the measured interference from secondary transmissions shohkl kept below a prescribed

tolerance levelD; at eachDP;. The second condition igyuaranteeing the QoS of SUsThat
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is, the SINR at the TR;'s should be kept above a prescribed threshold , such that the SUs
can be guaranteed with a minimum data rate.
We assume that time is slotted. To achieve these goals, in each timetgloa centralized

power control algorithm updates the transmit power of eacliR;, denoted asP;(t), according

to the measured radio environment, as

Pi(t+1)= Pi(t)+ ui(t); (2.2)

whereu;(t) is the increment (positive or negative) of power afR; in time slot t.

We assume that the DPs can detect the interference from the SUSor example, if the
channel gains and the transmit powers from the primary transmidrs are known, the DP
can estimate the interference from primary transmissions. Alteatively, a quiet period as
in IEEE 802.22 WRANSs could be enforced for the SUs [13]. Since therenis secondary
transmissions in the quiet period, the DPs can measure the interérce from primary trans-
missions. Once the primary interference is known, a DP can estimaecondary interference
by subtracting the primary interference from the total interfeence it receives.

As shown in Fig. 2.1, the total interference from thd'R;'s to a detection point DP; is

Xkl

()= PG j=1:2  p (2.3)
k=1

Then the primary user protection constraint becomes

yi(t) Dj; j=1;2  ;p: (2.4)

For time slot t + 1, the secondary interferencey; (t + 1) caused by the updated transmit

powers should also satisfy (2.4), i.e.,

yi(t+1) Dj; j=1;2, ;p: (2.5)
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For the second constraint on guaranteeing the QoS of SUs, theN® at the receiving

antenna of TR; can be written as

8

2 . Piss (D2, L
W= Eenore moge S0 (2.6)
' > P 1(t)hZ L '

- : i is even

(]
JS:% jei PIORG + PG+ (1)

where ; is the SIS factor [3].
Recall that u;(t) = Pj(t +1) P;(t). From the control point of view, (2.6) can be

regarded as the state equation and;(t) the input. The updated state is

h2

8
% () + T+

Pi(t+1) hZy [l () 1i(t+1)]
i (01 (t+1) !

i is odd

i(t+1)= (2.7)

() + S

Pi(t+1) h? 1 [1i(t) 1i(t+1)]
i (D1 (t+1) '

i is even
where

)Q-l
li(t) = P (hhf + Pi(t)hi + (b): (2.8)
j=1;j6i
It is shown that generallyl;(t) I;(t+1)is much smaller thanl;(t)l;(t + 1) [15]. It follows

that (2.7) can be approximated as

8
2 I’]|2| +1 I
(1) + ui(t); i is odd
=, 0 2.9
() + Fuit); iis even

Let denote the minimum required SINR for SUTR;. The SU QoS constraint is

i(t)y (2.10)

20



The updated (t + 1) should also satisfy condition (2.10), i.e.,

i(t+1) : (2.11)
De ne parametersa and b as

8

E Co
[ui(t) + Pi(t)]hZ,,; i is odd (2.12)
[u (t) + Pi(t)]n? o;; i is even

Xkl
b= [ (t) + Py (DIN + i[ui(t) + Pi(t)]hi +
j=1j6i

1;2 'S+ 1: (2.13)

S(t+1);i

From (2.2), (2.5), and (2.11), we derive the following system of eqtians that can be solved

for u;(t).

P
[Ui() + PG+ §5 ke [Uk(t)* (2.14)

8
% ;i=1;2, s+l
Pe(lgs  Dj;j =12 ;p

If the channel gains vary over time (e.g., in a mobile SU network), wer de ned parameters

a andb as
8
2 [ui(t) + Pi(t)]hZ,,(t +1);i is odd, (2.15)
7 [ui(t) + Pi(t)]h? 1 (t+1);i is even
)Q—l
b = [uj (1) + Py (DIhy (t+ 1)+ [ui(t)+
j=1;6i
Pi(t)lhi (t+1)%+ Xt+1);i=1; ;s+1: (2.16)
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A similar system of equations can be solved to determing(t) as

8
Ea:b: 1=1;2,  ;s+1

g O+ POIE D e (0 (217)
: Pe(Dlgs (t+1) Dyij =12 ;p:
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Chapter 3

Power Adjustment Schemes and System Analysis

In this chapter, we develop a power control scheme for adaptingpe transmit power
of the secondary users [9]. The goal is to achieve the SU QoS requiat while satisfying
PU protection constraint as given in (2.14). In the rest part of thechapter, we are going to
discuss about the stability of our controller and nd out our tuning pint for FD and HD

modes.

3.1 PID Controller Design

First, we consider the SU QoS constraint, while ignoring the PU protéion constraint.
The goal is to drive (t) to converge to the the SU QoS requirement , for alli. The
di erence between these two parameters should be considereddashould be reduced as
small as possible. Another consideration is that the error signal(t) should be related to
the power P;(t), which is the parameter that we need to determine for eachR;. Therefore
Pi(t) is used as the reference input. As we can see, the ratio of angt) can be an indicator
for the control error, and (t) / P;(t) if all other parameters remain the same. Thus, we
could useWPi (t) as the feedback. The errog(t) should be the di erence of feedback and
P;(t) and we have the diagram of the PID controller as in Fig. 3.1.

The PID controller collects the SINR of each TR at every time slot andiuses it as

feedback for the controller. For each time slot, lex;(t) denote the power increment from
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Figure 3.1: The PID controller design.

Pi(t) to P;(t +1). With feedback TOLL (t), the PID controller controls the system as

et 1= ﬁ 1 Pi(t) (3.1
xi(t 1)=x( 2)+e( 1) (3.2)
zi(t) = Kee(t 1)+ Kix(t 1)+

Kpje(t 1) e(t 2); (3.3)

whereg(t 1), xij(t 1)andje(t 1) e(t 2)jrepresent the proportional, integral and
derivative parts, respectively;K,, K|, and K are the corresponding coe cients. Proper co-
e cients should be designed to achieve a stable and convergent tah process for adjusting

the P;(t)'s to achieve the required minimum SINR for each SU [4].
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3.2 Power Adjustment Constraint

Next we take into account the PU protection constraint. The objetive of this constraint
is to prevent the SU transmission powers from violating the interfence tolerance at the DPs.
This constraint actually represents a relationship betweeR;(t) and D;, for all i andj.

We rst introduce the following two parameters.

Drin = J=r1m2n P D (3.4)
Ymax (t 1) = max vy(t 1) (3.5)
i=1:2; p

Dmin Is the minimum tolerance value among all the DPs, an@ma (t) is the maximum
measured interference among all DPs. Sin€g,;, is a constant andymax (t 1)/ Pi(t 1),
the additional power constraint should also be proportionalP;(t 1). We follow a similar
approach as in prior work [17] to introduce the following additional awstraint on the power

adjustment z (t).

o= (ORIt 1) Pit); (3.6)

where,

t)y= ——mn__. (3.7)

According to (3.6) and (3.7), once the maximum interferencg,ax (t 1) exceeds the
minimum tolerance D, , the constraint will reduce the transmit power with a proportion
of (t), which will drive the maximum interference back toD p;, .

Eqgn. (3.6) enforces an additional constraint to the power increme z(t) for the SUs,
S0 as to satisfy the PU protection constraint as given in (2.4). Beuae the PU protection is

a fundamental condition for spectrum sharing, the the constrainc (t) cannot be exceeded.
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Figure 3.2: System control block diagram.

Therefore, we have the nal allowed power increment;(t) in time slot t for TR; as

ui(t) =minfz(t);c(t)g; i=1;2, ;s+1: (3.8)

With such adjustment, the transmit power can be limited in a safe rage that does not lead
to severe interference to the primary network, while trying to adeve the minimum required
SINR for the SUs. The overall diagram of the proposed power cooller is illustrated in

Fig. 3.2.
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3.3 Analysis of Stability

It is important to analyze the stability performance of the propose power control
scheme. The stability of the PID controller (i.e., without considering B and the PU pro-
tection constraint (3.6)) has been studied in [9]. The stability of the werall scheme depends
on the parameter settings. In the following, we examine two case$en each of the two

constraints, i.e.,zj(t) and ¢ (t), becomes the dominant factor at the beginning stage.

Case I: z(t) > c;(t) Initially

From (3.1), (3.2) and (3.3), we haveP;(0) = P;(1) = P;(2), and x;(0) = ¢(0) = 0 for
the initial time slots. There is no power adjustment in the rst time sld, and the rst power

adjustment occurs att = 2, as
zi(2) = (Kp + K + Kp)e(1): (3.9)

If z(2) > c;(2), from (3.8) we haveu;(2) = ¢(2) and

8
2 P@E)= PQ)

S (3.10)

Pi(4)= ()Pi(2):

After the power adjustment in time slot 2, the detected total SU iterference at DPj

in time slot 3 is

Xt Xt
yi(3) = Pi(3)gj = (2)Pi(1)g
i=1 i=1
_ Dmin ! ] 2.
- Vinax (1) . Pl(l)gij '
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The maximum measured interference among all the DPs is

D.. X1
_ ] — min ] 2
Ymax (3) = Y] ®) Ymax (1) i1 - P
=My (1) = Doin (3.11)

Therefore the maximum measured interference will remain &, and the constraintc(t)
will remain at O starting from time slot 3. According to (3.8),u;(t) will also remain at O after
time slot 3. All the transmit powers converge to the steady value a@the primary goal of PU
protection is satis ed. However, there is no guarantee that thearget SU QoS requirement
can be achieved by the converged TR powers. If(3) < , the SU QoS requirement cannot
be satis ed since the transmit powers cannot be adjusted anyner

If z(t) remains non-negativeu;(t) will always be 0 sincecg(t) = 0 forall t 3. All
the TR powers will remain the same and the maximum measured inter&ce remains at
Dnin . Otherwise, ifz(t) < 0 due to some disturbance, thdR; power will be reduced with
z;(t), until the target SINR is reached. However, if the above two sitiations both happens
during the control process, we can predict that there will be oscilian and the system will
enter a bounded oscillation state. Therefore, the system can balled bounded-in-bounded-
out (BIBO) stable. In summary, for all the three cases discusseabove, the system will be

stabilized by the proposed power control scheme.

Case II: z(t) < c;(t) Initially

On the other hand, if the control function is initially dominated by the PID controller
adjustment z(t), the pattern changes. If the transmit powers to achieve the deed SINR
cause a smaller measured interference than theg's, that is, if the primary network has high
interference toleranceD;'s, the additional constrain enforced byci(t) can be ignored, and
the power control will become a stable PID control process. Theasility of such a system

has been demonstrated in [9].
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However, if the desired SINR cannot be achieved due to a smdl ., , the PU pro-
tection constraint will take over the control during the processad will drive the TR powers
to the maximum allowed value. The other situation is that due to the impct of some

disturbance, the control process may enter the same BIBO stats discussed in Section 3.3.

3.4 HD-FD Tuning Point

Recall that the SIS factor depends on the particular SIS design and is a small value in
[0; 1]. Clearly, , along with other network dynamics such as the channel gains, timeimber
and locations of SUs and DPs, and the prescribed control goals (i.eand D;'s), all have
big impact on the system performance. So in a practical underlay CRetwork, it is not
true that FD transmissions will always achieve a better performareg when is large, the
residual Sl will be so large that HD transmissions will be a better chac Therefore, a hybrid
scheme that can switch between FD and HD modes depending on thestem parameters
and states would be highly desirable. In the following, we investigatdé¢ condition under
which a switching between HD and FD modes should be made.

We use Shannon's capacity to approximate the throughput of an Se.,C = B log,(1+
SINR). Since bandwidthB is a constant for all SUs, we use the spectrum e ciency lg@l +
SINR)) for comparing the e ciency of the two operation modes in the followng. Let P and

HDdenote the SINRs ofTR; in the FD mode and HD mode, respectively. We can derive

the average throughput for the SU pair in the HD mode, denoted &P , as follows.

8
o 2 2 logy(1+ P)+log,(1+ ) ;iisodd 212
I .
7 3 logy(1+ P)+log,(1+ ) ;iiseven
where,

8 Piu1 (H)h?
2 p i+1 (t i+1 i Lo

HD — Sjei Pi(ORZ+ 2 I is odd (3.13)

| > p o n g ;i is even
l ]s:i jeiPi (Mhi+ 21’
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In the FD mode, the throughput for the SU pair is

8

o _ oG+ [P)+log,(L+ [R):iis odd

N (3.14)
log,(1+ [P)+log,(1+ [P);iiseven

where [P is given in (2.6).
In each time slott, we estimate the expected throughput for each SU pair in both the
FD and HD modes and decide which mode to adopt for the time slot. Theross-over point

for the two modes is derived by solving the following equation.
R™ = R™: (3.15)

It can be seen that (3.15) can be rewritten as

8 q
% 1+ P)a+ |y=a+ P)a+ 73);
% q

i is odd (3.16)
1+ )2+ P)=@Q+ P)a+ ™)
i is even
De ne aratio T as follows.
T = @ e By v IS odd (3.17)

> + PHa+ P ..
T @ a1 s even

Thus, we have the following proposition for determining the operatiomode forTR; in the

hybrid scheme.

Proposition 1. A TR; should operate in the HD mode il; 1, and it should operate in

the FD model if T; < 1.

30



Chapter 4

Simulation and Analysis
4.1 Simulation Con guration

To evaluate the performance of the proposed power control sthe for FD underlay
CR networks, we conduct extensive simulations using a MATLAB impleentation. We use
one network in a 100 100 area and another network in a 1000L000 area. The outdoor
channel modelh = 401log,,(d) + 10 dB is used in all the simulations, wherel is the distance
between the transmitter and receiver. In each simulation, the nas powers 2 are i.i.d.
random variables evenly distributed in a xed range, while the range ay change in di erent
simulations. As discussed, the performance of FD systems areailg a ected by . We
choose = 0:00005 in most of the simulations, unless otherwise speci ed.

There are eight TRs and four DPs in the network. The location of thdRs and DPs
are shown in Fig. 4.1 and Fig. 4.13. We assume each TR can communioaith all the DPs
through a control channel to obtain information about detectednterference level at the DPs
(i.e., Ymax (t  1)). The control goals and D;'s are prescribed and is known to all the TRs.
Such information is used as input to the control scheme executetleach TR to adjust its

transmit power.

4.2 Control Performance Analysis

In this section, we evaluate the performance of the proposed tafler in the FD and HD
modes. First, we simulate the 100100 network under xed and xed . Weset =0:1
and = 0:00005 in the simulation. Noise 2 is uniform distributed in [1:2 10 %;2:4 10 8

W. DP's tolerance limit is set asD; =5 10 W for all j.
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Figure 4.1: Distribution of the TRs and DPs in the 100 100 network.

Take TRs5 as an example. The evolutions of its SINRs(t) and transmit power Ps(t) are
plotted in Fig. 4.2 and Fig. 4.3, respectively. It can be seen that botthe SINR and power
curves quickly converge to the neighborhood of the stable valuesd then uctuate around
the stable values. In Fig. 4.2, the HD SINR is slightly higher than that bHD. However this
does not mean that the throughput of an FD link is lower than that ofan HD link, since
the FD link throughput is the sum of that of the two end TRs. In Fig. 43, it can be seen
that a higher transmit power is used in the FD mode to overcome theesidual Sl in order
to achieve the target SINR value .

Due to the parameters used, in the HD mode the power adjustment TRs is initially
dominated by the PU protection constraint (3.6), and then contréed by the SU QoS con-
straint (3.3). In the FD case the control of the power adjustmenis jointly done by both
constraints. This can be witnessed by comparings(t) = min f z5(t); cs(t)g, zs(t), and cs(t)

as plotted in Fig. 4.4, Fig. 4.5, and Fig. 4.6, respectively. In a few timdogs the control
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Figure 4.3: Evolution of the transmit power atTRs when =0 :1 and = 0:00005.
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Figure 4.4: Power adjustmentus(t) = min fzs(t); cs(t)g of TR when = 0:1 and =
0:00005.

processus(t) reaches the stable value 0 and achieves the optimal SINR with thevgn D for
TRs.

In Fig. 4.7, we demonstrate the PU protection performance by plohg the PU inter-
ference tolerantD and the maximum measure interference at the DPs for the FD and HD
modes. It can be seen that with the proposed power control sche, the maximum DP
detected interferenceynax de ned in (3.7) quickly drops belowD after a few time slots.
Therefore the PU protection goal is well achieved by the propos@adwer control scheme. In
the meantime, the controlled power remains around:9 W for the FD mode and 02 W for
the HD mode (see Fig. 4.3), which are su cient to satisfy the requirg SINR =0 :1 for TRs,
as shown in Fig. 4.2. Since the controlled power @Rs has achieved both PU protection
and SU QoS goals, the power adjustmenis(t) will stay within a narrow range around 0.

Next we try a large value of = 0:3 in the simulation to evaluate the case of an overly
high QoS requirement of the SUs that cannot be supported in the darlay CR network.

That is, there is no feasible solution to satisfy both PU protection ah SU QoS constraints
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Figure 4.5: PID controller adjustmentszs(t) when =0 :1 and = 0:00005.
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Figure 4.6: PU protection constraint adjustmentscs(t) when =0 :1 and = 0:00005.
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Figure 4.7: Maximum measured interference among all the DPs when= 0:1 and =
0:00005.

in this case. In this case, the power control scheme will try to aclie PU protection as a
primary goal, as the prerequisite condition for spectrum sharingnd then try to maximize
the SINR of the SUs as a secondary goal. The maximum DP detectedeiferences to PUs
are plotted in Fig. 4.8 for the FD and HD modes. It can be seen that thproposed power
control scheme can e ectively guarantee that the interferend® PUs is below the tolerance
D. The achieved SINR for TR5 is also plotted for the FD and HD modes ini§. 4.9. It can
be seen that the SINR ofTR5 is stabilized around 017 for the HD mode and €l for the FD
mode, although the desired SINR folflRs is 0:3. Since the maximum allowed interference
has been reached (i.,eD =5 10 ° W as in Fig. 4.8), the power ofTRs cannot be
further increased to reach the target SINR level = Q3. Note that although the HD mode
achieves a higher SINR than the FD mode as in Fig. 4.9, this does notcessarily mean
the HD throughput is higher than that of the FD model. We will examinethe throughput

performance in Section 4.3.
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Table 4.1: Setting of .
| Time slot (t) | 1-50| 51-100| 101-150| 151-200
Fig. 4.10 || | 01 | 005 | 005 | 01
Fig. 4.11 | |0:05| 01 | 015 | 02

Finally, we demonstrate the performance of the proposed powesntroller under vary-
ing SU QoS requirements. In particular, we vary the SU SINR requingent as given in
Table 4.2. In Fig. 4.10, the required SINR is with the range such thatie proposed controller
can achieve both PU protection and SU QoS goals. It can be seenttliae SINR can be
stabilized around the target SINR for the full range. In Fig. 4.11,he SINR is continuously
increased, from the feasible range to the infeasible range both poeannot be met simul-
taneously. In Fig. 4.11, the HD SINR curve is controlled well and thelSR of TRs can
quickly follow from 0 :05 to 0:2. On the other hand, the FD SINR curve cannot follow the
increased byond Q1, because of a larger power is required to combat the residual Sl in
order to achieve the same SINR, which, however, is not allowed sirthe primary constraint
of PU protection will be violated. In Fig. 4.12, the maximum measured terference among
the DPs is also plotted. It can be seen that the primary goal of PU ptection is always

achieved by the proposed scheme.

4.3 Throughput Performance

In this section, we evaluate the achievable throughput by the praysed power control
scheme. We focus on the proposed hybrid scheme in the simulationgh which the operat-
ing mode for each TR is determined as given in Section 3.4. The large Q0Q000 network
with eight TRs and four DPs is used in the following simulations, as shown Fig. 4.13.

In the simulation, we increase from 0:000005 to G005 with step size of MO0005. With
each value, we simulate the system for 200 time slots each with a randomis®level, which

has been shown to be su cient long for convergence in our previossmulations. We plot
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Figure 4.11: Evolution of the SINR atTRs under varying .

the average throughput of the 200 time slots for each value in the gure for the FD, HD

and hybrid schemes.
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It can be seen in Fig. 4.14 that the hybrid scheme achieves the highégoughput for the
entire range of . In particular, when 3:43 10 4, SIS is very e ective and most of the
TRs operate in the FD mode. The hybrid scheme achieves the sameahghput as FD, which
is higher than that of HD. As s increased, the advantage of FD transmissions diminishes
and HD begins to achieve higher throughput than FD. When:33 10 4 1:3 10 3,
some TRs operate in the FD mode and some others in the HD mode. Whe 1:3 10 3,
all the TRs operate in the HD mode since the residual Sl is so strontere is no benet
for using FD transmissions. The proposed hybrid scheme compatege gains of FD and
HD, and always chooses the better operating mode to achieve thighrest throughput for
the entire range of .

Finally, we investigate the impact of noise level. In the simulation, we se to 0:0005
and increase the noise power? from 10 ®W to 10 3W. The throughput results for the
three schemes are presented in Fig. 4.15. As expected, the hybstheme achieves the

highest throughput among the three, and the throughput deceses when noise is increased
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Figure 4.15: Average throughput of the FD, HD, and hybrid modesof di erent values of
2

for all the three schemes. However, the in uence of noise on tlughput is di erent for the
three schemes.

As shown in (2.6), the FD mode has one extra interference sourdes., the residual
Sl, making it less sensitive to the varying noise power. This is why thétoughput of HD
decreases faster than FD. The hybrid scheme can use FD insteddH® even though the
value is larger in this simulation. The hybrid scheme always achieves thghest throughput

in all the scenarios simulated.
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Chapter 5

Conclusions and Future Work

5.1 Conclusion

In this paper, we investigate the design of e ective power controlige for single channel
underlay CR networks, where FD transmissions are exploited to impve the network capac-
ity. Taking the SIS factor into consideration, we investigate the da&gn of a PID controller
and a hybrid FD-HD scheme to achieve the dual goals of PU protectiaand SU QoS provi-
sioning. The stability performance of the proposed scheme is anayzand evaluated with
simulations.

In the previous chapters, we developed a hybrid mode power carited transmission
system over underlay CR network, which enables SUs achieving optim throughput while
remaining undetected from CR PUs. Our research includes PID cootler design, network
optimization, performance analysis and simulation validation.

In the begining of Chapter 2 we explicitly stated our system, which isevy practical in
reality. In the following, we also discussed the problem, which is a untley CR network
based power control and throughput optimization quest.

Then, we designed our general PID controller in Chapter 3 to cormtttransmission power
in order to gain optimal throughput. However the PID controller caild not guarantee the
control systems stealth ability, so we set a constraint to every p@r adjustment to enable
such function.

Then, during researching on our system, we analyzed the stability ihe system. Mean-
while we found simply using FD or HD mode would not provide us with optimgerformance,

or in another word, throughput. So we also tackled with this more @ilenging problem and
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found the tuning point of the two modes. Finally we combined our forer proposed system
with the hybrid mode to gain a better throughput than any of the famer two modes.

In the end, we had lots of detailed and accurate simulations under dirent environments
in Chapter 4. The results which has been shown by the results sugtgal both stability and

undoubtable superior performance of our system.

5.2 Future Work

Although our proposed system has already shown considerable achkages comparing to
original CR network, there are still many topics to be explored whiclean make our system
even better. For example, maybe we could design an optimization afgbm to allocate
the transmission power for each SU to gain a even better, orgardzeverall throughput;
We could also do more work on the constraint, which may degrade tiperformance of PID
controller. The optimization and the reestablishment of constraintould even be studied
together to create a dynamic condition which assures better e cieey of the system.

Also, certain validation may still be needed. Since we have only simuldtéhe system
using software, the real performance may not be guaranteedhds, further veri cation like
testbed based hardware simulation should be performed in order ¢beck the availability in
reality. Throughout the booming development of FD hardware, tébed validation which is
much more convincing should de nitely be our next target.

Last but not the least, our proposed system shows some poteitgbility of combining
with other technology. For instance, relay network, which need iimess as well as optimal
throughput. The problem of general optimization we've mentioned défore could be studied
together with relay network and may generate some interestingadeo during researching.

If such kind of tasks we have listed before can be accomplished, we sure that the

system will present an even better availability and e ciency.
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