UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

=

&

ﬂ UNIVERSITEIT VAN PRETORIA
Qe

CHAPTER 3

OFFSET MODULATION

3.1 INTRODUCTION

In Chapter 2 the draw backs associated with the various methods in the PAPR field were
discussed. Ideally a method which requires low implementation complexity and does not
lead to a severe BER degradation, as the number of carriers increases, is desired. It should
also not require any additional bandwidth expansion or the transmission of any side inform-
ation to reconstruct the original message signal. This chapter begins by introducing a novel

method called offset modulation, which meets a number of these requirements.
3.2 OFFSET MODULATION

Consider the discrete complex output ofN#point inverse fast Fourier transformed OFDM

signal, given by

N

1 i 21k
m, = X N n=0,1,.....N-1 (3.1)

k:_l(ak+ jby) - <cos<2ka) +jsin <2ka)> . (3.2)
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Chapter 3 Offset modulation

In Eq (3.1),Xk represents the complex signal outpat+ jby) of the IFFT. This signal may

be modulated using the method which follows.

by = D(;nn) = C;N :Z: (akcos(szk) — by sin (ZTka) ) and (3.3)

o = S ) () o

Here[ and[ refer to the real and imaginary parts of the OFDM message signefiers to

a constant division term, wheredy,, and ®,, represent the equivalent real and imaginary
OFDM phase mapping. These discrétg, and®,, terms are passed through a DAC and are

now combined into a unique co-sinusoid

cog 21tfet + Py (t) + Wos) — cOg 2mTfct + Do(1)). (3.5)

After utilising the following identity [91]

coYz) —cogz) = Zsin(zzgzl) -sin (Zlgzz) (3.6)
thereafter, Eq (3.5) can be written as

where, Wqs refers to an offset term(t) and ®(t) represent the equivalent real and
imaginary OFDM phase mapping. In this type of modulation the paramé@i&ysc) are
chosen such tha¥ys >> ®,(t) — P4(t). This implies that theé¥,s term will dominate

the expression, hence the name offset modulation (OM-OFDM) [92, 93] is proposed to
describe this operation. A block diagram, depicted in Fig. 3.1, shows the processes involved
during an OM-OFDM transmission. In Appendix A a more detailed description of the
OM modulator and OM demodulator structure is presented. The proposed OM-OFDM
process, depicted in Fig. 3.1, still maintains the fundamental OFDM building blocks.
During an OM-OFDM transmission, depicted in Fig. 3.1, binary input data are mapped to

complex symbols. Pilot symbols are thereafter inserted between these complex symbols.
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Figure 3.3: OM demodulator structure

The subsequent signal is passed through an IFFT; thereafter a cyclic pre-fix is appended
to the signal. This process is identical to that previously seen in an OFDM transmission.
The difference between an OFDM and OM-OFDM transmission lies in the modulation
process. The OM modulator structure in an OM-OFDM transmission is used to reduce the
PAPR of the OFDM transmission. The OM modulator structure receives a complex OFDM

input and after various steps, depicted in Fig 3.2 and discussed in Appendix A, outputs
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an OM-OFDM signal. This subsequent signal is passed througRA and transmitted
across a channel. This process produces a spectrally efficient signal illustrated in Fig. 3.4,

when compared to a classical OFDM transmission. The OM-OFDM transmission contains

15

I 13 dB OM-OFDM
13 dB OFDM

< .
< Dominant OM-OFDM
2 < component
=}
g- OFDM
<
0.5
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Figure 3.4: An averaged normalised bandwidth occupancy comparison between OM-
OFDM and OFDM with identical throughput when, using a 64-QAM 8 k mode of the DVB -
T2 standard.

a dominant component; as the dominant component becomes prominent, the PAPR of the
signal decreases. However, in reality some energy restrictions are imposed on a transmitter,

thus the other components can contain less energy, leading to a BER trade-off.

The received signal, depicted in Fig. 3.1, is passed through a LNA. This is followed
by an OM demodulator, depicted in Fig 3.3, which receives the modulated signal and
outputs a complex OFDM signal. The cyclic prefix is thereafter removed. The pur-
pose of this CP, as previously discussed, is to mitigate some of the effects of the channel.

Thereafter, an FFT is performed on the signal, in order to recover the original message signal.

The transmission may appear to be a phase modulated signal, therefore losing its at-
tractive OFDM properties. However, the OM-OFDM system’s transmitter receiver structure

(Fig. 3.1.) maintains the fundamental OFDM building blocks. Thus, the OM-OFDM
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equalisation process is identical to that employed in OFDMar@el state information

(CSI) is extracted from the pilot symbols and used during the equalisation process to
mitigate the effects of fading. Thus, OM-OFDM maintains the ease of OFDM equalisation.
The pilot symbols are thereafter removed and the complex symbols are de-mapped to binary

output data.

3.3 BANDWIDTH OCCUPANCY OF OFFSET MODULATION

In this section the bandwidth occupancy of an OM-OFDM transmission may be investigated

by considering a discrete complex OFDM signal

L= o 1 N—1 ik
LI PRI PR o0
wherewy, is an arbitrary chosen variable used to simplify the analysis, Eq (3.8) may also be
written as
1 N-1
m, = N kzo(akJr jbk) (cogwWnK) + j sin(wpk)) (3.9)

and it can then be shown that

Oy = % ~ Nf B1 cOS(WAK) — B2 SIN(WrK) (3.10)
k=0

Doy = % ~ Nzlﬁzcos(wnk) + Basin(wpk). (3.11)
k=0

where®1, and ®,, are the equivalent real and imaginary discrete OFDM phase mapping,
B1 and 32 are mean values defined as the adapted real and imaginary phase deviation of
an OM-OFDM signal respectively. The approximation sign introduced in Eq (3.10) and
Eq (3.11) is due to the fact that tiffg and3; terms are message-dependent. An attempt is
made to characterise the deviation of a message by the introduction of mean value terms,

hence the introduction of the approximation. After incorporating this into the unique co-
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sinusoidal (Eq (3.5)), the following expression is obtained

U~ [ [ej(ancn+wos+zE;0131cos(wnk)—szsin(wnk))] _0 |:e](2T[fcn+zk “5 Bzcos(wn )—i—Blsln(wnk))]

Y

(3.12)

in Eq (3.12),uy is the discrete signal which is to be transmitted. With the aid of Bessel

functions [94], the Fourier series can be written as

BSK) S 3 (@)eit) and elBeosi) — S g (@)elmke T (3.13)
|=—o0 m=—o
In Eq (3.13),J(B) andJm(B) are Bessel functions of the first kind of ordeaindm respect-
ively with argumentB. After substituting Eq (3.13) into Eq (3.12), it can then be shown
that

:I_!j({ i i JIm(B1)d( Bz)cos(ZT’ilnk(fc—i—l+m)+LIJos—|—m7n”

| =—oc0M=—00

{ i m(B2)J1(B1) cos(ZTTW((fC—i—I-l—m)-l—m?n)D. (3.14)

| =—oc0oM=—

Here, f. is the carrier frequency. Consider the case wherm= 41, N = 1 and after using
theJ_n(B) = (—1)"In(B) relationship, the various amplitude and phase components obtained

from Eq (3.14) are summarised in Table 3.1. Upon studying the pogitiven > 0) and

Table 3.1: Components of Eq (3.14) whér=m=+1andN =1
Lm m o Im(Ba) - 3 (B2) J(B1) - Im(B2)

“1 -1 =2 | —X(By)- —J1(l32) —d1(B1) - —(B2)

0 1| -1 | —%(B1)-JoB2) | Jo(Ba)- —J1(I32)

—1 0| =1 | Jo(B1)- —Jl(Bz) —J1(B1) - Jo(B2)
1(B2) )
B

1 =1 0 | —Ju(Ba)-du(B2) | Ju(Ba)- —J1([32
0 Jo(B1) - Jo(B2) Jo(B1) - Jo(B2)
0 | J(Ba) —h(B2) | —di(Ba)-d(B2)
1 Jo(B1) - Jl(Bz) Ji(B1) - JO(Bz)
1 o(B2) )
2 (B2) )

J1(B1) - Jo(B2 Jo(B1) - Ju(B2
J1(B1) - (B2 J(B1) - (B2

R~ ol o

negative(l + m < 0) frequency components of Table 3.1, in conjunction with various other
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(l=m=+1,4+2... andN = 1) bandwidth occupancy cases, a particular relationship indicated

by Eq (3.15) emerges

2x | 2x— y25m< T(2X — 22— y)iZLPOS) 3 (B1) |—x+z+%| o
Z) Z} 4 |—x+2z\P1 7—X+Z+%
x—y—2(B2) m : (fe+yfa) —a I

In Eq (3.15), fq is an integer multiple of the modulation frequency andréfers to an

even number of frequency components of interest. In order to demonstrate the relation-
ship between Eq (3.14) and Eq (3.15), consider the case When= 2 andy = 2. After

using Table 3.1I(+ m= 2) obtained from Eq (3.14), for this case it can be shown that

J(B1) - h(B2)- (cos(Zn( fo+2fg) + Wos+ 1—2T> — cos(zn( fo+2fg) + g) )

A W
= 2h(B1) - K(B2)- <S|n (705) <2T[( fo+2fg) + 705'1' 2) ) (3.16)
Substituting = 2 andy = 2 into Eq (3.15), results in

_1 _1
Zsin<2lzos) -J1(B1) (%) -J1(B2) <—_i ) -sin <2T[( fo+2fq) +LPOS4+ 3T[)
2 2

= 251 (B1)A(B2)sin <LIJ7OS) <2T[( fo+2fq) + LIJ—OS + 2) (3.17)

2

This result correlates with that from Eq (3.16), thus validating some of the components of
Eq (3.15) with those in Eq (3.14). In a similar manner, all of the other components can be
validated. In most cases, the adapted phase devigicand[32) of the signal is not known

beforehand; however, a reasonably good approximation can be made, based on

a1 ~ E[max|0(m(t)))), (3.18)
az ~ E[max|0(m(t))])], (3.19)
B ~ % and (3.20)
a
B ~ —2. (3.21)
C
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In Eq (3.18), Eq (3.19), Eq (3.20) and Eq (3.2%), and a», refer to the real and ima-
ginary phase deviations of the OFDM signal respectively Br[d is the expected value.
Typically, there is no interest in all the frequency components, but rather in the more
dominant components. Hence, the bandwidth can be defined by considering only those
sidebands which contain significant power. Suppose, for explanation purposes, the first
two components 2= 2) are of interest an@® ~ [3; ~ 3. After inspecting Eq (3.15),

Fig. 3.5 depicts the frequency spectrum and its corresponding amplitude components.

This frequency spectrum is different from that of a conventional phase modulated signal.

A
12J,(B) sin(0.5(%, )|
- [ ]
>
o 12J,(B)Jo(B)SIN(0.25(r+2,))+2J,(B)J,(B) $in(0.25(-7+2,,)
o ® ®
3
2 ;
12J,(BY sin(0.5(%,)|
<
f-2f,  f.-f, f f+f,  f+2f,

Frequency (Hz)
Figure 3.5: Theoretically derived (Eq (3.15)) frequency spectrum of an OM-OFDM signal.

The squaring of the Bessel functions limits the bandwidth occupancy of the signal. If
B is sufficiently small B = 0.02), it can be seen that a large percentage of the power
is constrained within these X2= 2) frequency components. This depiction may serve
as a simplistic OM-OFDM bandwidth occupancy description. The dominant frequency
component is given by(B)?sin(2mft — %ﬁ), providedWys >> ®P5(t) — P4(t). In such a

case, the dominant frequency component can be shown to be dependentggttren.

This expression also provides some insight into an OM-OFDM transmission, namely
the bandwidth expansion is dependent on ¢hterm. The higher the term, the lower
the phaseB, thus indicating less bandwidth expansion. Ideally an attempt might be made

to chooseg as high as possible. However, as theerm increases, the signal would lose
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resolution and this would lead to an increase in the BER. Thu# has been shown that

the dominant frequency component of an OM-OFDM transmission can be predicted by

2Jo(B)?sin(2mtft — *92). By subtracting 2Jo(B)?sin(2mtft — *95), 0<y< 1, (whereyis

the dominant frequency component control factor) from the dominant frequency component
at the transmitter (Fig. 3.2) and re-instating the subtracted term at the receiver (Fig. 3.3), the

PAPR may be controlled.

The receiver gains knowledge of the subtracted term by examining the PAPR of the
incoming signal, from which th&,s, ¢ andy terms can be extracted by using a simple
look-up table. Since th&ys and ¢ terms are in most cases identical, only theerm is
subsequently extracted from the received signal’'s PAPR. It might be argued that after a
transmission through a multi-path fading channel, the received and transmitted PAPR might
differ. However, for an n-tap channel, each path affects both the RMS and peak value of the
received signal equally. Therefore the PAPR from each path is equivalent to the originally

sent PAPR.

This principle can be demonstrated by using the 8k mode of the DVB-T2 standard [95] to
transmit 64-QAM OM-OFDM data through a 5-tap typical-urban area [96] at a low 10 dB
SNR Ep/No). The complementary cumulative distribution function (CCDF) of such a
transmission, depicted in Fig. 3.6, indicates that the sent and received PAPRs are almost
identical. In the next section, the manner in which the dominant frequency component is

varied and the resultant BER characteristics are presented.

3.4 SYMBOL AND BIT ERROR RATE CHARACTERISTICS OF OFFSET MOD-
ULATION

A received signal under AWGN conditions is expressed as [87,97]

r(t) =u(t) +n(t) = u(t) + Ne(t) cog 2mtfct) — Ng(t) sin(2rfet). (3.22)
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Figure 3.6: Complementary cumulative distribution functions for a 64-QAM constellation,
when using the DVB-T2 standard for a 5-tap typical urban area channel at a 10 dB signal-to-
noise ratio Ep/No).

In Eq (3.22),u(t) refers to an offset-modulated signal amd) represents AWGN. ThiE(t)
andNs(t) expressions refer to the in-phase and the quadrature components of noise respect-

ively. The noise expression can also be written as

B . Ne(t)
nt) = /N&(t)+N2(t)sin (ZT[fct + arctan@)
= Vp(t)sin(2mfet + Pn(t)). (3.23)

In Eq (3.23),Wh(t) and®y(t) represent the envelope and phase of the band-pass noise. The

offset modulated signal(t) can be expressed as

uit) = 23in<¢2(t) — d>21(t) — Wos) .sin <2nfct - ®1(t) + qJ2°5+ q’Z(t))

Ac(t) sin(2mfet + d(t)), (3.24)

Q

whereA¢(t) and®(t) can be seen as the envelope and phase of an offset modulated signal.

After using phasor manipulation, depicted in Fig. 3.7, it can be shown that the received signal
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Figure 3.7: OM-OFDM phasor [97]

can be written as

r(t) = (Ac(t) +Vn(t) sin(Pn(t) — &(1))) -

, Vn(t) cog®p(t) — (1))
Sm<2nf°t+¢(t)+arCtan[Ac+Vn(t)cos(¢n(t)—CD(t))D' (3.25)

If the assumption is made that the signal is much larger than the noise, in this case

r(t) = (Ac(t) + Va(t) sin(®p(t) — d(t))) .Sin<2nfct L) +vn(t) cog®n(t) — dD(t)))

Ac
(3.26)

it can be seen from Eq (3.26), that the noise expression at the y branch of the demodulator

can be written as
Vh(t) cogPp(t) — P(t))

By applying the following identity,
coga — 3) = cosu cosP + sina sinf, (3.28)
Department of Electrical, Electronic and Computer Engimgger 43
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the noise expression can be represented by

Vh(t) cogPn(t)) cogP(t)) + Vn(t) sin(@Pp(t)) sin(P(t))

Ya(t) = A

(3.29)

therefore
Ya(t) = nc(t)cos(db(t)p)‘c-l- nssin(CD(t)). (3.30)

In Eq (3.30),n; andng refer to the noise co-sinusoidal and sinusoidal expressions, respect-

ively. An auto correlation is performed on the noise, in order to study the spectrum charac-

teristics of this expression. This can be expressed as

EVa(t)Ya(t+1)] =E No(t)Ne(t + ) cOYD(t)) cogP(t+T))

AC2
Ne(t)Ns(t + 1) cos(P(t)) Sin(P(t+1))
A i
ns(t)ne(t + 1) sin(P(t)) cogP(t+1))
A i
ns(t)ns(t+T)§n$;t))sin(¢(t+T)) . (3.31)
According to [97], for stationary white symmetric noise
ne(t)ns(t+1) = ne(t)ng(t+1)=0 (3.32)
Roc(t) = ne(t)ne(t+1) (3.33)
Rus(T) = ns(t)ns(t+1) (3.34)
Ras(T) = Rne(T) (3.35)

whereR,(T) andR,s(T) are band-pass signals. Substituting Eq (3.32), Eq (3.33), Eq (3.34)
and Eq (3.35) into Eq (3.31), results in the following expression

e [ Roe(1) COS®(1) cOYP(t + 1)) | Res(D)SIN(P() sin((t 1)) |

EMa()¥a(t+ 1)) = v ™

(3.36)
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After using the identity presented in Eq (3.28) in conjunetigith Eq (3.35), Eq (3.36)

simplifies to

ENMa(®)Ya(t+1)] = R”A‘>C(2T>E[cos(q>(t+r)—q>(t))]. (3.37)

According to [97], at any fixed timg a random variabl&(t,1) = ®(t 4+ 1) — P(t) is the
difference between two jointly Gaussian random variables. This is itself a Gaussian random

variable with mean equal to zero and a variance given by

072 = E[(®(t+1)—D(t))?
= E[D?(t+1)]+ E[D?(t)] — 2Ro(T)

= 2(Ro(0) — Ra(T)), (3.38)

where, as previously mentionedR®(1) is a band-pass signal. Substituting Eq (3.38) into

Eq (3.37) results in

ENa(®)Yat +1)] = R”A“C(2T>E[cos(q><t+r)—qa(t))]

_ %@D (E [ej@(tﬂ)—cb(t))} )
_ %@D<E{ej<za,r>>b
— R”C(T>D<e(0§2))

A02

_ Re(®p (e<R¢<0>R¢<r>>)

AC2

_ RnAcC(;) <e—<R¢<0>—R¢<r>>), (3.39)

From the autocorrelation of the noise, the power spectral density of the noise can be written

as

Si(f) = FR(x)
_ 7 {RHACC(;) (e—<R¢<0>—R¢<r>>)}
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e Ro(0) .
- R ﬂ{Rnca)eR“’( )]
e Ro(0)
= S [Remam]
e Ro(0)
= A2 Sne(f) = G(f), (3.40)

whereG( ) is the Fourier transform%) of g(t) = €% (U, S(f) is the Fourier transform of
Rnc and thex refers to a convolutional process. Now suppose the discussion is confined to a
specific bandwidth of—% to %. For this case suppos8;c(f) = No, hereN, is the power
spectral density of the additive noise. The power spectral density may now be expressed

as

Si(f) = %;(QNO/_TC G(f)df

e_RCD(O) ©
b /_ G(f)df
&Rol0)

= TNOQ(W

Q

=0

- (3.41)

Suppose’.; =~ 2 sin(%"’) (from Eq (3.24)) whereap refers to a constant term. With the
use of Eq (3.41) and by following a similar methodology, YhendX output power-spectral

density of the noise component can be shown to be written as

N
S(f) ~ ——— (3.42)
4sir? <‘7¢>
and
Sx(f) = Np. (3.43)
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After band limiting B¢) the transmission (6 B > %), the noise variance at the output of

the various branches of the demodulator (Fig. 3.1) is given by

No

and o}~ (3.44)

O-Y%

where, by inspectiorn) may be approximated by Table 3.2. In Table 3.1 the dominant

Table 3.2: Selection of ay term, based oganda

0<a<0l1l |01<0<«<02|02<0<«03

o~ B | g<y<0988| 0<y<0.97 | 0<y<0.96

¢%B§'n(%s) 0988<y<1l| 097<y<1l | 096<y<l1

frequency component control factor and théx ~ a1 =~ a3) andf3 (B ~ 1 ~ [32) terms ori-
ginate from Eq (3.18), Eq (3.19), Eq (3.20) and Eq (3.21). The propps$edn is obtained,

based on a number of observations, provided@® < 7, namely

1
o SiN(Wog) (3.45)
No O ¢ (3.46)
No O [1—V]. (3.47)

From these observations tipeterm in Table 3.2 is proposed. Therefore, from fhenda

term of a particular transmission (shown in Table 3.2), either the

Bsin(Wos)

) 21-y) (3.48)
Bsin(Wos)
) By (3.49)

term, can be used to describe the noise properties. In the sub-sections which follow the BER
and symbol error rate (SER) expression for an OM-OFDM transmission will be derived by

using the noise variance expression (Eq (3.44)).
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3.4.1 A4-PAM symbol and bit error rate derivation

Consider a 4-PAM baseband signal, depicted in Fig. 3.8, with signal piats-3d

= —d , S =d and&a, 3d whered is the Euclidean distancég is the

energy per symbol anai\, is the average energy per symbol. Suppose the received signal at

Figure 3.8: Conditional PDFs of four signals

the output of the demodulator is

r—33+n—3o|,/(sEs n. (3.50)

In Eq (3.50))n represents AWGN. The decision rule compares the received sigmvaitl a
threshold. Ifr > 2d , a decision is made in favour &f, if r < 2d the decision is

made in favour o0§,. The conditional probability density functions foare

1 ’(”3" %)2
frlso) = 5
L (/B
f(rls)) = \/Z_T[Oe 202
1 (a/E)
f(rlsp) = \/Z_me 202
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2
l (r Sd\/g)

f(rjss) = \/E[Oe 202 (3.51)

whereo is the variance of the noise. Given thgatwas transmitted, the probability of a

symbol error is

p(elss) =

/ p(r|ss)
Zd\/> r— 3d\/;
/ e 202 dr

\/_no
_ i/_d V 2055E;av eft2

VT -

1 /°° 2
= e dt

\/ﬁ d\/ 20§§av
1 &s
= 2erfc (d 202&av> (3.52)

in Eq (3.52), erfc is the error function. It can similarly be shown th@sy) = p(e|ss) =

2erfc d

5 ZE . Given thats; was transmitted, the probability of a symbol error is
av

&s
p(els1) :/ \/; |sldr+/ p(r|s1)d

1 2d Zav (r+d\/g) d l o = (r+d %)2 d
= _— 20'2 20'2
\/Zm/ © r+\/2T[0'/0 © '

- ﬁr/ \/;Z"’“’tzdt-l-/\/g

1 | &s | &
= Eerfc <d 25av> +2erfc<d 7202&6“/)

_ Es
= erfc<d 202&&\/) . (3.53)
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20°Eay

Similarly, it can be shown thai(e|s;) = p(e|s1) = erfc(d s ) . The SERis then

Pser = P(So)P(€lo) + p(s1)p(€ls1) + p(s2)p(elsz) + p(ss)p(elss)  (3.54)

where p(s0), p(s1), p(s2) and p(sz) are the probabilities of they, s1, S and sz symbols

respectively. If it is assumed that each symbol is equally probablep(s;) = p(s1) =

p(s2) = p(s3) = %1, the SER for a 4-PAM constellation can be written as

o 1 Es 2 E.S
SERpam = Zerfc(d 202Eﬂ\/)-{—zrerfc<d 2022&/)

3 | &

A particular symbok; is comprised of a number of bits. The number of bits denotekliby
dependent on the constellation and can be writtek-asog, M. When the constellation is

Gray-coded andp(so|s1)|p(sz2[s1)) >> p(ss|s1), the subsequent number of bits in error can

3 |k
BERpay = 4—kerfc<d %) (3.56)

whereEy is the energy per bit an§§ = %

be written as

3.4.2 A4-QAM symbol and bit error rate derivation

Similarly for a 4-QAM constellation, depicted in Fig. 3.9, the sym&ak correctly detected

only if r falls within the following region

p(c|s1) = p(Oy > 0|s1) p(Cy > O|sy ). (3.57)
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A

Figure 3.9: 4-QAM constellation

In Eq (3.57),00, and[J; are the received real and imaginary components. The probability of

the real component afbeing greater than 0, given thatwas transmitted, is

1 0 *(D“d\/g)z

O, >0ls) = 1— / e 20% dr
p(dr > Olsy) o100 )
B 1 &s
_ 1—§erfc<d chaa) (3.58)

where,oy is the variance of th& component of the noise. Similarly, the probability of the

imaginary component afbeing greater than 0, given thgtwas transmitted, is

2
1 o T V&) (Drfd\/%)
— / e 20§ dr
\/E[O-y —00

B 1 &s
= 1-erfc (d, / ZO%V) : (3.59)
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In Eq (3.59),0y is the variance of thg component of the noise. The probabilitysafbeing

detected correctly is

l E,s 1 / ES

As previously stated in Eq (3.44), for an OM-OFDM transmission

N
and oo~ —0
8sir? <‘7¢>

after substituting Eq (3.61) into Eq (3.60), this results in

s 4sirt(—2)&s
p(cls1) = [1—%erfc<d sza\/)] [1—%erfc (d SIE;,NOZ)E)] (3.62)

Now let

0% ~

No
— 3.61
; (3.61)

_ £ _ 4sirf(—$)&s
p = erfc (d EavNo> and | =erfc (d EavNo) . (3.63)

The resultant probability of symbe] being incorrectly detected is

p(els) = 1-p(clst)

Y4

20+2p—p-l

; (3.64)

It can similarly be shown thai(e|s1) = p(e|sz) = p(e|ss) = p(e|sp). The SER is then

Pser = P(So)p(€lso) + p(s1)p(€ls1) + p(s2)p(elsz) + p(ss)p(elss)  (3.65)

where p(so), p(s1), p(s2) and p(sz) are the probabilities of they, s1, S and sz symbols

respectively. If it is assumed that each symbol is equally probablep(s;) = p(s1) =
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p(s2) = p(s3) = }1, then the symbol error probability for this 4-QAM constellation is

20+2p—p-l

SERoam = 7

(3.66)

If the particular constellation is Gray-coded apdso|s1) | p(S2|s1)) >> p(ss|s1) for this 4-
QAM constellation, the subsequent bit error rate probability, when symslislincorrectly

detected, can be written as

B 1 KEp 1 4ksin?(—3)Ep
p(e|b1> =1- [1— ﬁ(erfc <d Ea\/No)] [l— ﬁ(erfc (d\/aa\/No (3.67)

whereEy, is the energy per bit ané% = kN—EOb . Now let

KEy
0= fc| d 3.68
er c( EavNo> (3.68)
and
4ksin?(—$)Ep

The subsequent bit error rate probability when syn#had incorrectly detected can be writ-

ten as

a 1
p(elb)) = 1- ll—ﬁ(] ll—ﬁ(]

2k-€+20 -k—[-¢
22 '

(3.70)

It can similarly be shown thap(e|b1) = p(e|b2) = p(elbs) = p(e|bg). The BER for this

4-QAM constellation is

BERigam = Pp(so)p(€lbo) + p(s1)p(elb1) + p(sz) p(elbz) + p(ss) p(e|bs)
2k-¢+20 -k—-0O-¢

e (3.71)
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3.4.3 A16-QAM symbol and bit error rate derivation

3.4.3.1 Symbols in the centre of a constellation

For a 16-QAM constellation, depicted in Fig. 3.10, the syndgas correctly detected only

l AL l
| |
oo 0 mdie l o
| \l ! 3
| av |
,,,,,,, I I —— R
| |
| |
E— e Ad8s e .
S4 — S5 Ve, Se S7
1 l []
N av | av _ N\ av ‘ N\ av
¢ Sg | £ 1 J_é_; ‘s : g
: 9 av 0 11
_______
| |
| |
l j3dg l
¢ 512 | Sqi3 \E'a\/‘Sl4 \ ‘815
| |
|
l v ‘

Figure 3.10: 16-QAM constellation

if r falls in the forward hashed green region as indicated by the following expression

p(clss) = p| O, <0,0, > —2d Ess p{ O > 0,0, < 2d é&:, . (3.72)
Eav Eav
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By making use of Eq (3.53) for a 4-PAM constellation

p(clss) = [1—erfc<d,/%>] [1—erfc<d,/%>]. (3.73)

After substituting Eq (3.61) into Eq (3.73), this results in

ir?(—2
p(clss) = [1—erfc<d Nj&sa\,>] ll—erfc (d A'SIQZ/NOZ)ES)] (3.74)

After substituting Eq (3.63) into Eq (3.74), the resultant probability of synspdleing in-

correctly detected is

p(elss) = 1-p(clss).
= l+p—p-l. (3.75)

In addition, it can be shown thale|ss) = p(€e|ss) = p(e|so) = p(e|sio). The subsequent bit

error rate probability when symbesl is incorrectly detected can be written as

1 KE, 1 aksin?(—$)Ey
1- Eerfc <d EavNo>] [1— Eerfc (d \/—EavNo ) ]

k-¢+0 -k—=0-¢
k2 ’

plelbs) = 1-

(3.76)

Similarly it can be shown thai(e|bs) = p(e|bs) = p(€e|bg) = p(e|bio).

3.4.3.2 Symbols in the corner of a constellation

In Fig. 3.10, the symbdds is correctly detected only if falls in the vertical blue region, as

indicated by the following expression

p(clss) = p| Ur > 2d és?, p| O > 2d éS3 : (3.77)
Eav Eav
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By making use of Eq (3.60) for a 4-QAM constellation and Eq {3.6

1 & 1 | &

o £ 1 4sirf(—2)&s
= 1—§erfc<d NoEav>] ll—éerfc (d EavNo)] (3.78)

From Eq (3.63) the probability of symbsi being detected incorrectly is

p(elss) = 1—p(c|s3)
2l +2p—p-|
—

(3.79)

It can also be shown th@ie|s3) = p(e|so) = p(e|si2) = p(€|si5). As previously mentioned,
from Eq (3.68) and Eq (3.69), the subsequent bit error rate probability, when sygisol

incorrectly detected, can be written as

B 1 KEp 1 4ksin?(—3)Ep
p(elbs) = 1- [1— e <d EaVN())] [1_ Sere (d\/ e

2k-¢+20 -k—0-¢
K2 '

(3.80)
Similarly it can be shown that(e|bz) = p(e|bg) = p(e|b12) = p(e|bys).
3.4.3.3 Symbols at the edge of a constellation

From Fig. 3.10, the symbal}, is correctly detected only iffalls in the horizontal pink region

as indicated by the following expression

p(Cls4) = p<Dr <-2d %

S4>p<Dr >0, <2d S

™ s4> . (3.81)

After substituting part of Eq (3.73) and part of Eq (3.78) into Eq (3.81), this results in

1 &s &s
p(clsa) = ll—éerfc (d 20>2<Eav>] [1—erfc<d 20§Eav>]
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1 £ 4sirf(—$)&s
- ll—ierfc<d NoEav>][16rfC(d Eavl\loz)] (3.82)

After using Eq (3.63), the probability of symbgj being detected incorrectly is

p(els4) = 1-p(c/s4)
2+p—p-l

5 (3.83)

In addition, it can be shown thagb(e|ss) = p(e|s1) = p(els2) = p(els7) = p(elss) =
p(els11) = p(elsi3) = p(elsi4). The subsequent bit error rate probability when symol

is incorrectly detected can be written as

B 1 KEp 1 4ksin®(—%)E,
p(elby) = 1-— [l—ﬁ(erfc (d EavNo>] ll—Eerfc (d\/EavNo

2k-¢+0 -k—=0-¢
2k?2 '

(3.84)

Similarly it can be shown thai(e|bs) = p(€e|b1) = p(e|b2) = p(e|b7) = p(elbg) = p(elb11) =
p(efb1a) = p(e|baa).

3.4.3.4 Combination of all symbols

From Eq (3.75), Eq (3.76), Eq (3.79), Eq (3.80), Eq (3.83) and Eq (3.84), assuming that all
the symbols are equally probable (4 centre symbols, 4 corner symbols and 8 edge symbols),

the SER and BER expressions for a 16-QAM constellation are given as

4 (l+p—p-l 4 (214+2p—p-I 8 (2+p—p-l
SERmAm = Ta(f)*?a(f T\ T 2

14-1+ 10p—9p-|
= 3.85
( 16 ) (3.85)
Department of Electrical, Electronic and Computer Engimgger 57

University of Pretoria



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

"IW_

&

ﬂ UNIVERSITEIT VAN PRETORIA
Qe

Chapter 3 Offset modulation

and

4 (k-¢+0 -k—0O-¢ 4 (2k-¢+20 -k—-0O-¢
BERisoam = 16 2 >+1—6< 22 )-l—

8 (2k-£+0 -k—0O -z>

16 2k?2
1 (14k-/4+ 107 -k—91 -/
= 2 ) (3.86)

3.4.3.5 A64-QAM symbol and bit error rate derivation

A 64-QAM constellation, partially depicted in Fig. 3.11, is composed of four quadrants.

Each quadrant contains 16 symbol points; consider one of these quadrants. Assuming that

A ‘ ! }
TD | | ‘ '
7d|2s | ‘ | ‘
JEav ‘s : ’Sl : ‘SZ : 503
| | | .
[ | [
,,,,,,,, R R
|
| | |
5d|>s | ! ! ‘
\an:v ‘54 : ‘55 : ‘SG : ‘57
|
| | |
,,,,,,, ALl
[ | [— E—
: ! | e —
dei ! : I
g, ¢se s, A m— —
-
,,,,,,, B
[ | \
[ | [
|
d@” . : . : o .
\ Say Si» | S13 S14: S5
|
|
o | O
dfs 3d &, 5d| & 7dF
E;v \g, \‘z;v Tav

Figure 3.11: 64-QAM constellation

all the symbols of a 64-QAM constellation are equally probable (9 centre symbols in each

of the 4 quadrants; 1 corner symbols in each of the 4 quadrants and 6 edge symbols in each
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of the 4 quadrants), thereafter by using Eq (3.75), Eq (3E&)3.79), Eq (3.80), Eq (3.83)

and Eq (3.84) the total probability of a symbol error and bit error are given as

~ 4.9(14+p—pl\ 41(24+2p—p-1\ 4.6(2+p—p-|
SERwam = 64( 1 >+64< 4 Y 2

1 /(621+50p—49p-I

() os
and

4.9( k-¢+0 -k—0O-¢ 4-1(2k-¢+20 -k-0-7

BERqmm = 64( 2 >+ 64( e >+

4.6 (2k-¢+0 -k—0O-7

64 2k2

1 (62k-¢+50] -k—49]-¢

= a( 2 ) (3.88)

This type of analysis can be extended further to investigate various other M-ary QAM con-

stellations.

3.4.4 M-ary QAM symbol and bit error rate derivation

The previous sub-section has demonstrated the relationship between BER and SER. In
this sub-section closed-form SER and BER expressions for M-ary QAM constellations are

presented.

From the previous sub-sections, Table 3.3 and Table 3.4 present some of the results obtained.
The remaining results were obtained after following a similar methodology. After studying
these particular SER and BER expressions in Table 3.3 and Table 3.4, a particular relation-

ship emerges which can be encapsulated by the following equations

I(M—2)+p~(M—2\/m+2)+ p-1(2y/M-M —1)

E ~
SERvVEN M M ;

(3.89)
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Table 3.3: Summarised SER QAM expressions
QAM,_even | SER expressions QAM,_opp | SER expressions
2+2p—pl 6l +4p—3p
4 A+2p-pl 8 8i4p—3p!
14 +10p—9p | 30 +22p—21p/
16 o= 32 30+22p -21p]
62 +50p—49p!| 126 +106p—105p!|
64 G:50p491 | 128 gy L0
254 +226p—225p!| 510 +466p—465p!|
256 P 512 s
Table 3.4: Summarised BER QAM expressions
QAM_even | BER expressions | QAM,_opp | BER expressions
2k-+20 -k—0-¢ 6k-(+40 k=30
4 K2 8 8k2
16 14k.e+1c1)§k | k—90 -/ 30 30k~€+2?£k 2~k—21[| £
64 62k-£+5%lik-2k749D £ 128 126k~£+1(i(;%(-2k—105m £
254k-(+2260] -k—2251 -¢ 510k-(+4660 -k—4651 -¢
256 SE52 512 SE52
(M—2- [255)) e
SERppD ~ 2VM +
M
_ . —(M—3_|3/2M-8/M :
(M—2)-1 <M 3 [ L Dpl
M )
ki/(M=2)+0 -k(M—2yM+2) O-4(2/M—-M-1
BERy ey KM =2 +0 KM -2VM+2) O (/M -M-1)

M - k2

M - k2
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and

| (oz [sem)o

BERopD ~ o +
3vV/2m-8vM
(M—2)k- £ — (M—3— [W])D y,
0 (3.92)

The subsequent expressions presented in Eq (3.89), Eq (3.90), Eq (3.91) and Eq (3.92) can
be used to determine the SER and BER characteristics for any M-ary QAM OM-OFDM

transmission.

3.4.5 Me-ary PSK symbol and bit error rate derivation

In this sub-section an M-ary SER and BER expression for a PSK constellation is derived.
In order to simplify the discussion the 16-PSK case will be discussed. This 16-PSK con-

stellation, depicted in Fig. 3.12, can be adapted to include any M-ary PSK constellation.

A
S 39S, Si3
¢ ¢
S S
20 'y
S
%
Ss RSo
<t
'd S d E.'
\E/ iv
037 S%
$o %
S, S;
¢ S4 ¢
)
\J

Figure 3.12: 16-PSK constellation
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Consider symbady, depicted in Fig. 3.12, on the real axis

S = \/g (3.93)

ES =+, wheren is the AWGN noise. For a high SNR, the

real part of the received S|gnal, deplcted in Fig. 3.13, should be correctly detected. As seen

)\S

The received symbol is=d

Y ¢ S1

Figure 3.13: Distance between PSK constellation points

in Fig. 3.13, the symbdd is incorrectly detected only if falls outside the boundary region
defined by the dotted blue lines. This may be expressed as

p(e|50>=p<Dr>d\/§—ssm< )so>+p<mr<—d,/§—ssm< )
where
p(Dr>d~/%sm<—>

so> (3.94)

02

80> = \/_ncy/ﬁs.nﬁ 2°v dr. (3.95)
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Letu= =2 then

Ve

p(Dr >d,/§—ssm<n>

SO i/oo e_uz
VT d,/zdigavsin(ﬁ)

1 &s
= Eerfc <d 20y Ea sm<M>>. (3.96)

After substituting Eq (3.61) into Eq (3.96), this results in

&s 1 4E m\ . [(—¢
p<Dr>d\/%sm< )‘%) = éerfc<d NOEaVS|n<M>sm(7)>.(3.97)

The symboly is incorrectly detected if the imaginary component of the received real com-

ponent is less thard sm( ). The probability ofsy being incorrectly detected can be

written as

&s 1 —dy/ 2a§§av sin(y) 2
p<Dr ,/g&n(M)iso) = F{/_w e Ydu
1 4% m\ . (-0
= éerfc (d NoEm sin <M> sin <7>>

The total conditional probability of an error, given tisgtwas transmitted, is

p(e/so) = erfc(d Niéav sin <|\7> sin <_—2¢)> (3.99)

If it is assumed that each of M-PSK symbols are equally probable. The total symbol error

probability for a M-PSK constellation is

SERsk= erfc(d N‘;av sin <I:/IT> sin (_—24))> ) (3.100)

For a Gray-coded constellation, whép(s; ) |p(s15/%0)) >> (p(s2/0)|P(S14/S0)) the sub-
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sequent bit error rate can be written as

. 2 — . 2
1 4k - Epsin (7"’) sin (ﬁ)
BERpsk = Rerfc d

3.101
- (3.101)

The expressions presented in Eq (3.100) and Eq (3.101) can be used to determine the SER
and BER characteristics for an M-ary PSK OM-OFDM transmission.

3.5 OM-OFDM PARAMETER SELECTION

In this section the manner in which the selection of ¥&, ¢ andy terms influences the
derived 64-QAM BER expression, at a SNR=7 dB (N,), will be investigated. Although

this discussion may seem confined to this particular case (64-QAM, SNR=7 dB), it can be
extended to include various other constellations. For the choidggfc andy terms, both

Eq (3.44) and Table 3.2 (provided0¢$ < 7) offer guidelines for these parameters. In order

0.19

0.18

0.17f

0.16

0.151

0.14}

Average bit error rate (BER)

0.13

0.12f

0.11

0

0os

|
SR

Figure 3.14: W,s Parameter choice whep= 0.95 andq = 44000/16384 in an AWGN
channel for a 64-QAM constellation, with SNR=7 dBy(No).

to obtain the relationship between BER ailgs; the ¢ andy terms are kept constant and

the Wos term is varied. As shown in Fig. 3.14, 845 approaches the limit$Hos = — 7, J),
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0.19

0.18}
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0.14}|

0.13

Average bit error rate (BER)
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0.1
0

0.2 0.4 0.6 0.8 1
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Figure 3.15: y Parameter choice wheWys = 1.59 andq = 44000/16384 in an AWGN
channel for a 64-QAM constellation, with SNR=7 dBy(/No).

the noise components are lowered. As shown in Fig. 3.14, an increase in BER degradation
is evident as th&,s term moves away from these limits. It is also noted that ag; tieem
increases, the signal would lose resolution, which will affect the BER performance of the

system.

Similarly in Fig. 3.15, in order to obtain the relationship between BER @nthe W
andg¢ terms are kept constant and theerm is varied. As shown in Fig. 3.15, as theerm
approaches 1, the noise decreases, since the PAPR is being sacrificed to obtain this BER

performance improvement.

3.6 VALIDATION OF THE DERIVATION

Using these guidelines, the commonly used theoretically derived expressions needed to be
validated. It should be noted that the theoretical expressions do not acgept aif such

aterm arises, thep = 1 (SERven, BERevEN), § = 1.5 (SERDD, BERopD) andd = 1.23
(SERsk, BERssk). These values simplify Eq (3.89), Eq (3.90), Eq (3.91), Eq (3.92),

Eq (3.100) and Eq (3.101) into a SER and BER expression for an AWGN transmission.
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By means of a simulation (the 2k or the 8k mode of the DVB-T2 ¢&ad [95]), off-

set modulated 4-QAM, 16-QAM and 64-QAM, as well as QPSK and 8-PSK Gray-coded
signal constellations, were used to transmit data through an AWGN channel. The parameters
used for the 4-QAM, 16-QAM, 64-QAM, QPSK and 8-PSK OM-OFDM transmission are
given in Table 3.5, Table 3.6, Table 3.7, Table 3.8 and Table 3.9, respectively.

In these Tables thé term is calculated by substituting tle ¢, Wos and y terms into
the ¢ expression in Table 3.2. The specific termgsad Wos) are chosen (as previously
discussed in Section 3.5) such that they minimise the BER degradation, aadé¢ha is

obtained as indicated in Eq (3.18) and Eq (3.19).

In all these Tables the various parameters for a 7 dB - 13 dB PAPR range are presen-
ted. They term can be further varied, until an average PAPR in the range of 3 dB - 13 dB
is reached. The lower bound (3 dB) is the ideal average PAPR [87] and the upper bound
(12 dB or 13 dB) indicates the average PAPR of a traditional OFDM transmission [98]

(since an attempt is made to reduce this PAPR).

Various BER comparisons between the theoretically derived and simulated OM-OFDM
transmissions for various constellations are shown in Fig. 3.16, Fig. 3.17, Fig. 3.18, Fig. 3.19
and Fig. 3.20.

Table 3.5: Parameters for an 4-QAM OM-OFDM systemn £ 0.036)

PAPR | Wos C Y ¢

7dB | 1.5 | 10000/4096 0.9835| 0.22
8dB | 1.5 | 10000/4096 0.9882| 0.31
9dB | 1.5 | 10000/4096 0.992 | 0.4
10dB| 1.5 | 10000/4096 0.994 | 0.5
11dB| 1.5 | 10000/4096 0.996 | 0.7
12dB| 1.5 | 10000/4096 1 1
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Table 3.6: Parameters for an 16-QAM OM-OFDM systeo= 0.07408)

PAPR

G

Y

¢

7dB
8 dB
9dB
10dB
11dB
12 dB

10000/4096
10000/4096
10000/4096
10000/4096
10000/4096
10000/4096

0.963
0.973
0.98
0.985
0.988
1

0.205
0.280
0.378
0.505
0.631
1.0

Table 3.7: Parameters for an 64-QAM OM-OFDM system £ 0.27)

PAPR

l'IJOS

C

Y

¢

7dB
8 dB
9dB
10dB
11 dB
12 dB
13dB

1.596
1.596
1.596
1.596
1.596
1.596
1.596

44000/16384
44000/16384
44000/16384
44000/16384
44000/16384
44000/16384

44000/16384

0.86
0.9
0.925
0.943
0.962
0.97
1

0.2
0.251
0.34
0.44
0.53
0.67
1

Table 3.8: Parameters for QPSK OM-OFDM systeim £ 0.027)

PAPR | Wos S Y ¢
7dB | 1.5 | 10000/4096 0.98845| 0.24
8dB | 1.5 | 10000/4096 0.992 0.3
9dB | 1.5 | 10000/4096 0.99418| 0.4674
10dB| 1.5 | 10000/4096 0.996 0.55
11dB| 1.5 | 10000/4096 0.997 0.7
12dB| 1.5 | 10000/4096 1 1

Table 3.9: Parameters for 8-PSK OM-OFDM systeim £ 0.027)

PAPR | Wes C Y ¢
7dB | 1.5 | 10000/4096 0.9889| 0.2485
8dB | 1.5 | 10000/4096 0.992 0.3
9dB | 1.5 | 10000/4096/ 0.9941| 0.4674
10dB| 1.5 | 10000/4096 0.996 | 0.55
11dB| 1.5 | 10000/4096 0.997 0.7
12dB| 1.5 | 10000/4096, 1 1
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Figure 3.16: Theoretically derived (Eq (3.91)) and simulated BER comparisons for an OM-
OFDM transmission in an AWGN channel for a 4-QAM constellation.
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Figure 3.17: Theoretically derived (Eq (3.91)) and simulated BER comparisons for an OM-
OFDM transmission in an AWGN channel for a 16-QAM constellation.

From this comparison, it is seen that the theoretically predicted results (Eq (3.91) and
Eq (3.101)) and the simulated results correlate reasonably well, thus validating the theoretic-
ally derived expression. The slight difference between the simulated and theoretical results

is due to the fact that the theoretical analysis does not take into account certain errors (e.g.
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Figure 3.18: Theoretically derived (Eq (3.91)) and simulated BER comparisons for an OM-
OFDM transmission in an AWGN channel for a 64-QAM constellation.
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Figure 3.19: Theoretically derived (Eq (3.101)) and simulated BER comparisons for an
OM-OFDM transmission in an AWGN channel for a QPSK constellation.

filter effects and quantisation effects, amongst others). Furthermore, Fig. 3.21, Fig. 3.22,
Fig. 3.23, Fig. 3.24 and Fig. 3.25 depict the complementary cumulative distribution function
for a 4-QAM, 16-QAM, 64-QAM, QPSK and 8-PSK OM-OFDM transmission, respectively.
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Figure 3.20: Theoretically derived (Eq (3.101)) and simulated BER comparisons for an
OM-OFDM transmission in an AWGN channel for an 8-PSK constellation.

This CCDF graph can be interpreted as the probability of the various transmissions having
a PAPR value above a certain threshold (PAPRnN the next section a decision metric is

presented, which will later be used to determine the optimum OM-OFDM operating point.
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Figure 3.21: Complementary cumulative distribution functions for a 4-QAM constellation.
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Figure 3.22: Complementary cumulative distribution functions for a 16-QAM constellation.
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Figure 3.23: Complementary cumulative distribution functions for a 64-QAM constellation.
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Figure 3.24: Complementary cumulative distribution functions for a QPSK constellation.
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Figure 3.25: Complementary cumulative distribution functions for an 8-PSK constellation.
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3.7 DECISION METRIC

The conventional metric used to describe a communication system is BER, which is usually
a function ofﬁ—g. The relationship between energy perfit average received powBr and

data rateR; is given by [99]

P (jouleys)

R (bis/9 (3.102)

Ep (joules/bit)

The Ey, only takes into account the received energy per bit and offers no indication of the
actual total energy required (e.g. dc power consumption of the amplifier) for transmission of
an information bit. To obtain an indication of this, consider the instantaneous power-added

efficiency (PAE) of the amplifier given by

Pri(t) —Pn(t)

P —
e Pdc(t)

(3.103)

wherePy((t) is the dc power supplied to the amplifi€y; andP, s are the input and output RF
powers of the amplifier, respectively. The average total pdveonsumed by an amplifier,

after using Eq (3.103), can be written as

R = Pyc+Pn

/. Pe(l-Pe
_ Prf<1+ dc(_ ae))
Prf

— Pr(l+w) (3.104)

whereX denotes the average power Xfandw refers to the fractional average power not

converted to RF power. The total energy perHifor a given BER andN, can be written

as
(- R
Ro
_ R(+w
Ro
= Ep+Ew. (3.105)
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In Eq (3.105) P is the average received power d@ad = P;. In additionE, is the wasted
energy per bit due to the inefficient power amplifier utilisation. As the input drive level
increases, thE,, decreases. Increasing the input drive level improves efficiency; however, if
an optimum back-off is not maintained, this distorts the signal waveform, which results in a

BER trade-off. Another metric used to describe spectral efficiency is

Ro .
W (bits/s/Hz), (3.106)

whereRy, is the data rate and/ refers to the bandwidth occupancy. Liang et al. [99] have

proposed a decision metriD), which combines two metrics and is given by

E W

D = .
No Ry

(3.107)

Unlike traditional approaches, which only take into account the received energy pieg)bit (
and often ignore the total energy consumption (e.g. dc power consumption of the amplifier),
here,E; incorporates the total energy per bit and as discussed (Eq (3.105)) can be written

as
E; = Ep+ Ew, (3.108)

where, Ey, is the wasted energy per bit due to inefficient power amplifier utilisation. In
order to determinds;, the PAE of the amplifier which is to be used, is required. Liang

et al. [99] have used this metric to investigate the trade-offs between amplifier efficiency,
amplifier distortion, signal bandwidth occupation, throughput and power consumption. The
purpose of the decision metric was to investigate an optimum combination of these factors
to minimise the energy required. This metric can be adapted to investigate whether the
proposed OM-OFDM transmission has an optimum solution and whether a net gain exists for
such a solution. This adaptation involves considering that typically during fair comparisons,
identical throughput and bandwidth occupancies are used,%hufmains constant and the

metric simplifies to

DO . (3.109)
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This metric can also be utilised to compare various PAPR nastirothe field. In addition,

if both the BER compromise and the efficiency effects of the PAPR reduction, when using
OM-OFDM, are considered, an optimum total energy per bit and PAPR value may be found.
Thus an optimal solution for an OM-OFDM transmission may be obtained. In the rest of this

thesis this metric is applied to various amplifiers.

3.8 CONCLUDING REMARKS

In this chapter a novel method, called offset modulation, is proposed to control the PAPR
of an OFDM signal. The theoretical bandwidth occupancy of the proposed offset modulated
signal is derived. Using these bandwidth occupancy results, a closed-form theoretical BER
expression for an offset modulated transmission is derived and validated. A newly applied
power performance decision metric is also introduced, which can be utilised to compare

various PAPR methods.
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