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Introduction

@ Orthogonal frequency division multiplexing (OFDM), see
Figure 1.1, is a popular modulation technique for mitigating
intersymbol interference (ISI) introduced by frequency selective
channels.

o OFDM is spectrally equivalent to quadrature carrier multiplexing
(QCM) or double sideband suppressed carrier (DSB-SC)
modulation.

o Is it possible to transmit only one sideband and at the same time
mitigate 1S1?

e This would increase symbol density in time-frequency space.

@ Use single sideband (SSB) modulation.

o Requires real-valued message for simple (matched filter) receiver
implementation — reduces symbol densty.
@ Controlled ISI can be introduced to improve symbol density.

KV, GKP, SK, LK (IIT Kanpur) OFDM-OQAM using HT May 20, 2023 3/27



Introduction

Lp cs ch Ld
- 0 &
@) Cyclic Cyclic
Preamble B | Data | Postamble | B
suffix prefix
®) Buffer > | o
B o La-
& & .
]zzt: Data
La * Interleaver pomnt L4
Postamble
Lo A () _ °
Buffer o [FFT
B Py —

Figure 1.1: Frame structure of OFDM in the time domain.
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Introduction

Figure 1.2: Symbol density of OFDM in time-frequency space.

@ In Figure 1.1, T is one 2D/1D symbol duration (not an OFDM
symbol or “frame”).

@ B=2(1+a)/(2T), where 0 < « < 1 is the roll-off factor of the
root-raised cosine (RRC) spectrum. Clearly, 1/(BT) < 1.
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System Model — Digital SSB Modulation

@ With SSB we have B = (1 + «)/(2T), which implies 1/(BT) > 1,
since only one sideband (upper or lower) is transmitted.

@ This is illustrated in Figure 2.1.
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Figure 2.1: Digital SSB modulation — transmitter.
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System Model — Digital SSB Modulation

@ We have B
S(t) = R {S(t)el>Fe!} (2.1)
where o
S(ty= > Sp(t-kT) (2.2)
k=-c0
and
p(t) = p(t) +jb(t) (2.3)

is the complex-valued transmit filter.
@ Here p(t) is the Hilbert transform of p(t).
@ p(t) is a square root Nyquist pulse e.g. having RRC spectrum.

@ S, denotes real-valued symbols from a pulse amplitude
modulation (PAM) (1D) constellation.
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Analysis

@ The power spectral density (psd) of é(t) in (2.2) is (for
uncorrelated symbols)

P = 2
Sa(F) = 57 |P(F)| (3.1)
where P,, is the average power of the PAM constellation and
p(t) = P(F) (3.2)

constitute a Fourier transform pair.
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Analysis

o Let
p(t) = P(F). (3.3)
@ Then
P(F) = P(F) +j(-isgn(F)P(F))
{ 2P(F) for F>0

P(0) forF=0 (3.4)
0 for F<0

@ Thus, the psd of 5(t) in (3.1) is one-sided — hence the psd of S(t)
in (2.1) is also one-sided about the carrier frequency F.
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Figure 3.1: Digital SSB modulation — receiver.

@ Scope for error correction since Sy is available in both receiver
arms.
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@ Note that

p(t) * p(- |t o7 = Rop(0)ok(nT)
p(t) * P(=1)|,_r = Rpp(0)ok (nT) (3.5)
where “x” denotes convolution, dx(-) is the Kronecker delta

function, Rpy(+) is the autocorrelation of p(t) and Rgps(-) is the
autocorrelation of p(t).

@ Note that
Rop(0) = Rpp(0). (3.6)

@ No ISI at the sampler output — channel is ideal and introduces
only additive white Gaussian noise (AWGN).
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Analysis

Issues J

@ PAM constellations are power inefficient compared to QAM.

@ In real-life both p(t) and p(t) are time-limited. How would this
effect 1SI?
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Analysis

@ In Table 3.1 minimum Euclidean distance is 2.

@ QAM cannot be used — only offset QAM (OQAM) can be used,
which introduces ISI| — receiver is more complex.

@ PAM does not introduce ISI — simple matched filter receiver can

be used.

KV, GKP, SK, LK (IIT Kanpur)

Table 3.1: Power of QAM vs PAM.

Py
Bits/symbol QAM PAM
1 1 1
2 2 5
3 3+ V3 21
4 10 85
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Analysis

@ For an RRC spectrum

1 sin(01 - 92)
p(t) = 8Bp cos(61 + 62) + ————
)= V3B _easzer) (61 +62) t
(3.7)
where
p=a
B=1/(2T)
0 = 2nBt
0> = 2nBpt. (3.8)
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Analysis
@ The HT of p(t) is
p(t) =h+ bk (3.9)
where for F1 = B(1 - p)
/ 2 : 2rFt) dF
= — sin(2rFt
1 V2B JF=0 ( )
1
= 1 — cos(2nFit
- _28( (2nFit))
2 (2BR r(F-F)) .
/2 = \/ﬁ , COS(m)Sln(2ﬂFt) dF
8Bp .
= sin(27Bt(1 +
nV2B(1 - 64B22p2) lsin(2r (1 +£))
— 8Btp cos(2nBt(1 - p))] - (3.10)
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Analysis
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Figure 3.2: Magnitude response of p(t) and p(t). P(0) = P(0) = 1.

@ InFigure 3.2 T =1 sec,p=0.161, Fs = 5 Hz.
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Table 3.2: SIR of Rps(mT) and Rpp(mT).

SIR
N
Rﬁp(mT) Ffpp(mT)
100 16.931 56.921
80 15.934 49.426
40 12.975 40.602
20 9.363 25.212

@ InTable3.2 T =1sec,p=0.161, F[s =5=1/T5 Hz.
@ Samples p(nTs), p(nTs) considered for —-N < n < N.
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Analysis

@ The ratio of signal-to-interference (SIR) power is
Rge(0)

SR=—F——
mego Rgg(mT)

(3.11)

where g(-) is p(-) or p(-).

KV, GKP, SK, LK (IIT Kanpur) OFDM-OQAM using HT May 20, 2023 19/27



Analysis

@ The reason for the low SIR for p(-) is due to the discontinuity of the
Fourier transform of the Hilbert transformer at F = 0, as given by

+j forF<O0
H(F)={ 0 forF=0 (3.12)
—-j for F>0.

where g(-) is p(-) or p(-).
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Analysis

@ A possible solution lies in redefining the Fourier transform of the
Hilbert transformer as follows (see Figure 3.3)

+j for F < —-aF;
H(F) = el(r(F+aFy)/(2aF1)+n/2)  for —-aFy < F < aF; (3.13)
=j for F > aF;.

where Fy = B(1 —p), as given in slide 16 and

O<ax<1. (3.14)
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Analysis
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Figure 3.3: Proposed frequency response of the Hilbert transformer.
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Analysis

@ Using (3.13) we get
p(t) =l + kK + 14 (3.15)

where b is given by (3.10) and

ol (n(F+aFy)/(2aF1)+n/2) j2nFt yE

1 aF
)
VZB F:—aF1

—23F1 .
= sinc(aF1 A (3.16)
5B (aF1A1)
and
A ! + 2t
! 28"—1
sin(nx)
sinc(x) = — (8.17)
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Analysis

@ Finally

-i (7 2nFt j o
/4:—f 2l aF + — el2"F oF
V aF1 F=- F1

(J_) sinc(Fy(1 + a)t)sin(F; (1 — a)t). (3.18)
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Analysis

Magnitude
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Figure 3.4: Magnitude response of p(t) and p(t). P(0) = P(0) = 1.

@ InFigure 3.4 T =1sec,p=0.161, F[s =5Hz, a= 0.25.
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Analysis

Table 3.3: SIR of Ras(mT) and Ryp(mT).

SIR
N
Rﬁp(mT) Ffpp(mT)
100 52.787 56.921
80 45.168 49.426
40 33.298 40.602
20 17.93 25.212

@ InTable 3.3 T =1sec,p=0.161, Fs=5=1/Ts Hz, a=0.25.
@ Samples p(nTs), p(nTs) considered for —-N < n < N.
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Conclusions

@ OFDM-OQAM is not a new modulation technique.
e Has it been hyped?

@ Conceptually similar to SSB modulation that was commonly used
in analog communication.

@ The proposed model for OFDM-OQAM is much simpler than the
ones given in literature.

@ Same symbol is available in both / - and Q - arms, resulting in 3
dB improvement in error rate.
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