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This lecture

N
Reading Proakis and Salehi

In the last lecture we studied “baseband” digital signals; that is, the
modulating signal m(t) have not been frequency shifted.

However, for wireless and satellite communications we must use higher
frequencies to transmit and receive communication signals.

Now we require a modulator and a demodulator — together they form
a “‘modem.”

There are two basic forms of carrier modulation — they are (1) amplitude
modulation and (2) angle modulation (phase and frequency modulation).
We have already studied both under the heading of analog modulation.
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@ So far we considered digital signaling in baseband

@ The techniques developed, such as MF, IS| and BER analysis, generally
apply to bandpass techniques as well

@ Today we will look at digital modulation techniques for bandpass systems

@ In doing so, we will also look at M — ary communications, that is
transmitting multiple bits per symbol

@ This will lead to the notion of constallation diagrams, as graphical signal
representation



Complex Baseband Representaton of Signal

@ Recall the complex baseband representation of a bandpass signal
@ Consider a signal g(t) modulated by a carrier. We can write

9(t) = a(t) cos(wet + 6(1)) = g1(t) cos(wet) - go(t) sin(wet)

@ We have defined g;r(t) = a(t) cos ¢(t) and go(t) = a(t)sin ¢(t) as the
in-phase and quadrature components of g(t), respectively.

@ We can rewrite g(t) as

g(t) = R{g(t)e™ "}
where we have defined g(t) = gr(t) + jg¢(t) as the complex envelope of
the bandpass signal

@ both g(t) and g(t) can be expressed by phasors

gl
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@ note that the phasor representation of g(t) is obtained by simply
suppressing the constant angular rotation w.t
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Bandpass Transmission Model

@ A bandpass signal can be constructed at the transmitter from the low-pass
in-phase and quadrature components

&) "‘C :
1
@— cos(2xf 1)
/

Message Signal [— 500 Baslzg:;?ss
Source Encoder | )
Shift + gl:!:}

sin(2xf,t)

golt)

@ Signal encoder maps the binary data onto the | and Q components

@ Note the two branches are often referred to as /- and Q- rails



Bandpass Transmission Model

@ We will assume that the channel attenuates the signal and perturbs it by
AWGN with PSD of Ny /2

@ For simplicity of the presentation we assume that IS| would be mitigated
by appropriate pulse shaping.

@ The received signal is given by

x(t) = Acg(t) + w(t)

Band-pass + Received Signal
Signal =——>- ChTHEI plus Noise
g(t) £ b, s(8) + w(2)

White
Gaussian

Noise

w(t)



Bandpass Transmission Model

LAy + nyl)

- Low-pass
- Filter
h
*(1) = @ cos(2rf 1)

Received s(t) + n() { .
Signal —= Bagqlipass =lo Signal _}Mgﬁge
plus Noise ITter Shift Detector n

sin(2mf,)
- Low-pass
- Filter

Aot + ng(n)]

@ The receiver includes two coherent detectors on | and Q branches.
@ Mixer outputs are filtered to remove double frequency components

@ The resulting in-phase and quadrature components are given by

%[Acgf(t)—l—?’lj(t)] and %[Ach(t)+”Q(t)]

where n;(t) and ng(t) are lowpass noise random processes

@ The Signal Detector observes the complex signal
gr(t) + nr(t) + j(go(t) + ng(t)) and estimates the transmitted signal

@ The actual structure of the signal detector depends on the type of
bandpass signalling scheme employed...
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Bandpass Signalling

@ The bandpass modulation process involves switching (keying) the
amplitude (ASK), phase (PSK) or frequency (FSK) of the carrier

Input binary 0 0 1 0 1 1 0 0
sequence

PSK t

@ ASK, FSK and PSK are special cases of AM, FM and PM (where message
is a rectangular pulse sequence)

@ The shown baseband pulses are rectangular, however in practice pulse
shaping would be performed to eliminate IS| and minimize bandwidth
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Binary Phase-Shift Keying

@ For binary Phase Shift Keying (BPSK) the received signal component is
given by

s1(t) = Accosw.t binary symbol 1
so(t) = —Accosw.t binary symbol 0
= A, cos(wct + )

@ In the case of BPSK, go(t) = 0, while g;(t) corresponds to the output of

a bipolar line code
Binary data
0 1 1 0 1 0 0 1
(a)

(6)

(c)
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BPSK in picture
—

Angle modulation gives rise to both phase modulation and frequency modulation.
Starting with phase modulation; this is generally known as “phase shift keying.”

Example: Serial m(kT,) = +1
binary
data k) =-1
BPSK - - - ‘- - J -
1\ Phase changes

In binary phase shift keying, note how a binary 0 is 0° while a
binary 1is 180°. The phase changes when the binary state
switches so the signal is coherent.



Constellation of PSK

1-11

A -cos(w-t) for m(kT,)=+1
Aq-m(t)cos(am.t) =
A -cos(w-t+m) for m(kT,)=-1

0

A

PSK

We can also express as I and Q components.

A special case: on-off keying (OOK)
Q

OO0K

0 1
0!
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PSK in mathematics
—

For PSK we can write,
Ppsi = Accos(w-t+6,) for kT, <t<kT,+T,

Ppsx = A c0s(6,) cos(a.t)— A sin(6,)sin (@t )
Therefore,

Ppsi =1, cos(apt)+Q, sin(m.t) for kT, <t<kT,+T,
x

AN This is in polar form (I and Q)

For binary PSK we have 6, = 0 or & radians — there is no Q component.

This is 2-QAM, but we don’t use this terminology for binary PSK.

Note: Quadrature amplitude modulation (QAM) is a mixture of both
amplitude modulation and phase modulation.
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BPSK transmission

BPSK Modulator:
Carrier Balanced i
cos(w.t) Modulator ~ AMPIiTier BPE

O— Q>
/\/ > —_—~— |
.

NRZ Data LPF
input T D=

ﬂj_ - S~—

BPSK Demodulator:
LPF S&H Comparator

Pesk L 1l dit)

Sample at Binary data
center of output
cos(a,t) symbol ==

r(t) ~ Becos[2am.-t + 6(t)]+ Bcos[O(t)]
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BPSK at the receiver

Without noise With noise
15 | [ [ L5 = [ 1
(a) (b)
1 1=
0.5 - 0.5 -
Amplitude , - Amplitude i .
0.5 - 0.5 =
_‘ p— __] — s
-1.5 ' ' ' -1.5¢ .
0 250 500 750 1000 0 250 500 750 1000
Time (nsec) Time (nsec)

After Lawrence Burns, “Digital Modulation and Demodulation,” Chapter 4
in RF and Microwave Circuit Design for Wireless Communications, edited
by Lawrence E. Larson, Artech House Publishers, 1996. Pages 99 to 233.
Lawrence Burns was an engineer at 3COM.
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BPSK waveform and noise
B

BPSK signal

BPSK signal
with noise

. . 90°
Sampled data points:
- w— S - Sy
” 0 . ,0 » .
. \ I N\ . demodulation
of o o ’ o . of o QC. o+
Cog, ) T ey cog, Te ey errors caused
L o QD o = I; o % e - i
180 —t——s uﬁ L % — 0 by noise
\ o © o o Gl \ oo s 0,
. Y% 0%‘%00 o " s “%00%%, , -
\ o Oa 0 ‘f “ Cc o . /
-~ — ( o ~ == ‘3‘/0
Q . Q
270

Constellation Diagram
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Binary Amplitude-Shift Keying

@ Binary Amplitude-Shift Keying (BASK) is similar to BPSK, except that a
binary 0 is represented by switching off the signal

s1(t) = Accosw.t binary symbol 1
So(t) =0

@ In the case of APSK, go(t) = 0, while g;(t) corresponds to the output of
a unipolar line code
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BASK in picture
—

This is binary amplitude shift keying (BASK).
1 &8 9 9 1T 9 @)

po i BE B o &

—

Amp., V ‘

oy

gt
) V
1.0 - V J \

Amplitude shift keying (ASK)

T —

— e z—— e & —— @ —
e —
——— — — —

Ppsx = Mm(t)cos (wct)
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A more realistic ASK picture
N

This is the more realistic case for ASK communication systems.
In fact, all waveforms are softened by bandwidth limitations
of transceiver equipment and the channel itself.

: : | : : 1
1 R R W 11 i
IR T ARl
"...........\-....'..‘j.'..-.-.....f'.-. :

time >

Figure 32 ariginal TTL message (lower), bandlimited message (center),
and ASK (abeve)

Notice the similarity between ASK and analog AM because the amplitude
of the modulated signal is proportional to m(t).
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Binary Frequency-Shift Keying

@ For binary Frequency-Shift Keying (BFSK) the received signal component
is given by

si(t) = Accoswit binary symbol 1
so(t) = —Accoswpt binary symbol 0

@ In the case of BFSK go(t) and g:(t) cannot be expressed as a simple line
code. Instead, BFSK is defined by

—j27Aft

gr(t) +jgo(t) = Ace binary symbol 1

gr(t) + jgo(t) = A.e7?mAIt binary symbol 0

where we have defined Af = (f1 — fo)/2.
@ In doing so, we expressed
s1(t) = Accos[27(f. + Af)t] = R{Ae?* e T2
so(t) = Accos[2m(fo — Af)t] = R{Ae’*" 2D}
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FSK in picture

Frequency Shift Keying (FSK):

oscillator1 @—

J;

oscillator2 @—

» \/]\/\/ \/Jy\/
[o%

Discontinuous phase

‘//ﬁ Generates unwanted spectrum

Bit 1

Digital modulation signal

Continuous-Phase Frequency Shift Keying (CPFSK):

Voltage controlled oscillat: Bit 1

Digital modulation signal ———

VCO |

Qv Bit 0

PHase—-continuous FSK
CPFSK

/\/\/\ AWA

v _
VvV U
N e %,

1 0

Carrier wave center frequency: fc aka MSK
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MSK... in picture
N

Minimum shift keying (MSK) is a form frequency modulation based on a
system called continuous-phase frequency-shift keying (CPFSK).

MSK advantages are (1) better spectral efficiency as compared to other
modes, and (2) it allows power amplifiers to operate in saturation
enabling higher levels of efficiency.

1 symbol = 0.833ms

— -
- -

AN/
VARV \/

Data Level

1200Hz 1800Hz 1200Hz2
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MSK... in mathematics
—

For Bit 0 (frequency f,) we write,

2E,
5,(t) = }T cos(z;rfﬂ ) over interval 0<t<T,
b

For Bit 1 (frequency f,) we write,

s,(t) = ’— (:05-1(27rf1 ) over interval 0<t<T,
b
T

b
For orthogonality we require jsl(t)sz(t)dt =0
0

1

Define the frequency separation: Af = f, - f, = ZT
is the minimum separation to ensure orthogonality to hold.

fot fr f 1

The carrier frequency f. is defined to be f. =



MSK transmission
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_
MSK Modulator:
NBZ Data Voltage
input Controlled Amplifier
Oscillator i
— . - (PFSK
Y ’ I
y e~ RF
control
VO QOutput
MSK Demodulator:
BPE Amplifier LPF Comparator
(PFSK — N~
i T —
Frequency Binary data

Discriminator

output
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Gaussian MSK

Gaussian Minimum Shift Keying (GMSK) modulation is a modified
version of the Minimum Shift Keying (MSK) modulation where the
phase is further filtered through a Gaussian filter to smooth the
transitions from one point to the next in the constellation of states.

A Gaussian filter’'s impulse response is a Gaussian function (or an
approximation to it, because a true Gaussian response is physically
unrealizable). Gaussian filters have no overshoot in responding to a
step function input and minimize the rise and fall times of pulses.

GMSK /

waveform
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GMSK
I

Advantages:

(1) Constant amplitude (better noise resistance)

(2) Spectrally efficient (spectrum falls as 4™ power of frequency)
(3) Good Bit Error Rate performance

(4) Self-synchronizing capability

Applications:

(1) Automatic Identification System in maritime navigation

(2) Bluetooth headsets

(3) Standard GSM cellular (usage is > 40% of cell phones in world)
Uses BT, = 0.3 for Gaussian filter giving 99% of
transmission power in bandwidth of 250 kHz. The GSM
bandwidth per channel is 200 kHz and GSM transmits
at 270 kb/sec (limited by ISI problems). B = 81.3 kHz
and T, = 3.7 microseconds.

Tradeoff: Smaller BT, product gives faster spectrum falloff at
expense of longer pulse duration leading to increased ISI.
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Comparing Spectrums of MSK with GMSK (BT, = 0.5 and 0.3)

Normalized Power Spectral Density

0 - —— MSK
—— GMSK BT = 0.5
/ \ —— GMSK BT = 0.3

% —20 -
@ MSK / \
ﬂ =40 - f |
@
3 r I
& —60-
©
!
a8
i —80 -
—~100 - A N A A

-3 -2 -1 0 1 2 3
Frequency Offset / Bit Rate (Hz/bit/s)
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ASK, PSK and FSK

inary

Comparing PSDs For B

SK

A

o

PSK

(=

(b)

FSK

(zH/s13eM] Alisuap |es309ds Jamod
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M-ary Transmission

@ In Binary transmission we send one of two possible signals so(t) and s1(t)
(representing one of two data bits) during each bit interval T5.

@ In an M-ary data transmission system, we can send M possible signals
si(t) for 0 < ¢ < M — 1 during each signalling interval T

@ In most cases, the number of possible signals M = 2™, where n is an
integer, and the signalling interval is T' = nT}.

@ Each of s;(t) is called a data symbol (as opposed to data bit)

@ The rate of symbol transmission is referred to as the baud rate (as
opposed to bit rate for binary signalling)

@ Each symbol represents a sequence of m bits, which are Gray encoded -
such that 'adjacent’ symbols differ only in one bit.
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M-ASK

N
This is multilevel amplitude shift keying.

Bitl —

Bit2 —

CH1== S88ml) M S00ps CH1 F286mU
M Pos:8.88ps -A8-29 16:18:16

Symbols 00, 01, 10 & 11 translate into four amplitude levels.
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M-FSK

This animation shows frequency m

shift keying of the sinusoidal “0” 4 kHz
carrier signal. A two-digit code “1” 01 3 kHz
modulates the carrier signal o 10 2 kHz
frequency into four frequencies o - .

=821,91 7Hz

M S@6ps CH1 7388mY
M Pos:8.88 q0.
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M-ary Phase-Shift Keying

@ in M-ary PSK (MPSK), the available 27 radians are equally divided to
represent M data symbols.

si(t)za\,‘%cns(wct—kgﬂﬂi) 1=0,1,.... M -1 0<t<T

where we scaled the signal by v/2 and noted that signal energy is
E = A°T.

@ We can decompose s;(t) into quadrature and in-phase components,

noting that
\/% CDS(wct)] - [\/Esin (%z)] \E Sin(wcﬂ]

si(t) = [\/Ecos (%1)]

@ We have that gg(t) = VE'sin (274) and g;(t) = V'E cos (274)
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M=4, QP3SK

Sometimes this is known as quadrature-phase PSK, 4-PSK, or 4-QAM.
QPSK uses a circle of four points on the constellation diagram, equi-spaced
around a circle. With four states, QPSK can encode two bits per symbol,

Q
A
[=-1;Q=+1 I=+1;Q=+1
01 11
Popsk =1-cos(wct)+Q-sin(w.t) >
00 | 10
1=-1,Q=-1 1=+41;Q=-1
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QPSK generation

I
Baseband Input
L, | wme—
T, (RS Ty S—— i(t) i,(t)
i(t) _}QX ,
-
’ ! ' 1 1 ! 1 +
. o900 191 t) 2cos(2nf,t) Vi (t )
4 2sin(2 =f,t)
qit)-===-p-F-F--1-1----- 0, 2P h
/1 N
-4, q: (t ) l
0'1I0l1'1'0'1) tJJL:Y
Wt o1/

— -

4-QAM Symbol Constellation

/Q signals take on discrete values at discrete time instants
corresponding to digital data
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A typical QPSK modulator

1
QPSK Modulator
LPF :
- S~
NRZ Data P T o<— Amplifier
input T ~— BPF
Serial-to ~<_ | Pesk
—p1 -Parallel COS(&}Cf) ~— —>
Parser LPE T
- e~
y ——Pp| e
] t - —— Q

sin(@.t)
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... a typical QPSK demodulator
N

|

I and Q can be
either analog or cos(a@t)

digital signals (p(t)

Q

sin(a,t)

o(t) =17 +Q* -cos(a.t +O(t))

where 6(t)= tan‘l[ (t)j|
I(t)
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Constellation Diagrams

@ The in-phase and quadrature components derived lead to a geometrical

potrayal of complex baseband signals, referred to as constellation diagram
or a signal space diagram.

@ A signal constallation is a diagram of all possible signal points where axis
are orthonormal functions. In the case of MPSK, these correspond to the
two quadrature carriers cos w.t and sinw.t (scaled to unity energy).

¢1(t) = \/gcoswct, Pa2(t) = \/gsinwct

@ For M = 8 (m = 3 bits per symbol), we have an 8-PSK constellation:
¢,

100
>

101 o ell0

o]

. — :
001 | ol > Ja5° 1

- o
000 011

;‘ -
0N
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16-QAM

APSK definition

Definition: Amplitude and Phase-Shift Keying, APSK, is a digital
modulation scheme that uses both the amplitude and the phase changes
of on the carrier signal to provide the data transport mechanism for the
information. Also called QAM.

16-ary QAM
Quadrature Amplitude Q
Modulation, QAM is a 1 Amp Phase Data
form of modulation that - . 0011  25% 225° 1100

100
is a combination of
phase modulation and - A v '
amplitude modulation. : /_

The QAM scheme \
represents bits as

points in a quadrant

grid know as a

constellation map. 1111 1110 | 0101 D111

1101 1100 0100 0110
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MPSK Constellation Diagram

@ Observations regarding MPSK constallation diagram

Q@ It is a geometric representation of M signal points uniformly
distributed on a circle of radius VE

© Each signal point corresponds to the signal s;(t) for a particulare
index 7

@ The squared length from the origin to each signal point equals to the
signal energy F

@ Note the Gray encoding of the bit sequences - where adjacent bit
sequences differ only in one position
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Constellation Diagrams

@ Examples of other signal constellations

Q QA Q24
' » A~ R (e el — o als = 5
I I I
{a) (&) {a)
Q Qp Q
e oo @ i
v . . ‘-
e oo @ ;! N
- . * * ==
s o | e @ I T J K i
., ™ . K
s oo ® . i

(d) (e) o

@ BASK, BPSK, 4-ASK, QAM, QPSK, 8-PSK
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Number bases in constellation

oo OSquare—16QAM

T e

___________________________________________________________________

Variants of QAM are also used for many wireless and cellular technology
applications. In addition, 64-QAM and 256-QAM are commonly used in digital
cable television and cable modem applications. In the US, 64-QAM and 256-
QAM are the mandated modulation schemes for digital cable as standardized by
the SCTE in the standard ANSI/SCTE 07 2000.

SCTE = Society of Cable Telecommunications Engineers
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Bits/Symbol and Symbol Rates

Modulation I:::;EE: Symbol Rate
BPSK 1 1 x bit rate
QPSK 2 1/2 bit rate
8-PSK 3 1/3 bit rate

16-QAM 4 1/4 bit rate
32-QAM 5 1/5 bit rate
64-QAM 6 1/6 bit rate




Noise...

(¢) 28 Gbaud (b) 16 Gbaud (a) 14 Gbaud

(d) 32 Gbaud

(i) BPSK (i) QPSK (iii) 8PSK (iv) 16-QAM (v) 32-QAM (vi) 64-QAM
= ry dd TTEEEEL e
5 * , vvz B i:;i”g;i
8 ' » 4 e ?‘f’ bt gbnte
4+ 4 T 3 BaEias
‘ rate
s * . 90— . Iz.... 1351
EVM= 6 EVM =57 EVM =8 EVM= 49 EVM = 44 EVM = 4 6
BER ~ neglected BER ~ neglected BER ~ neglected BER ~ neglected BER 4.2E- 06 BER = 1.8E-03
5 —e- —_ ' - &
v+ | [t [Giistd] disitis
& + ¢ * o :6 syl ZEITLRL
‘ - > -, ; 1
. » - ko> EEE
EVM = 65 EVM =63 EVM= 86 EVM= 5.1 EVM = 4.7 VM= 53
BER ~ neglected BER - neglected BER ~ neglected BER -~ neglected BER = 6,005
» » *e ek
| ¥ e &
EVM = 82 EVM =8 EVM = 109 EVM= 7.3 EVM = 65
BER ~ neglected BER ~ neglected BER ~ neglected BER = 7.6E-6
. » *i ¥ | [sees
: & [ovesd
"' | & * ESSY R
. 4" | [T
EVM =83 EVM=86 EVM = 129 EVM= 7.7 EVM =63 EVM = 6.7
BER ~ neglected BER ~ neglected BER = 1.7E-6 BER = | 8E-5 BER = 4E-3 BER = 3E-2
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Bit Error Rate versus Energy/Noise Ratio

BER = Bit Error Rate
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- — -
Te—— Es~l . S “"-....,
.
‘h‘ "h.-\\ -
- b
4 o ™
\\ "\ \
u \ . »
Y %
5 LY
LY %
LY %
%
. B
% 1
\ %
% !
| L L 1 —
11 \
A \
1 1 A
¢
1
A \
| ] ||
| | | | LY JEll
H 10 15 20 25 30 35 40
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—o— 16-QAM
—abe— 16-PSK
—o— 32-PSK

- o - 64-QAM
-4 - 256-QAM
—8— 1024-QAM
- - 4096-QAM
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What modulation does Wi-Fi use? |

WiFi systems use two primary radio transmission techniques.

802.11b (< 11 Mbps) - The 802.11b radio link uses a direct sequence spread
spectrum technique (DSSS) called complementary coded keying (CCK). The
bit stream is processed and then modulated using Quadrature Phase Shift
Keying (QPSK).

802.11a and 802.11g (< 54 Mbps) - The 802.11a and g systems use 64-
channel orthogonal frequency division multiplexing (OFDM). The
transmitter encodes the bit streams onto 64 subcarriers using Binary Phase
Shift Keying (BPSK), Quadrature Phase Shift Keying (QPSK), or one of two
levels of Quadrature Amplitude Modulation (16-QAM, or 64-QAM).
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Bandwidth Efficiency (aka Spectral Efficiency)
S S

Given: E, = energy per bit (joules or ergs)
R, = bit rate (bits/second)
B = bandwidth of baseband signal (Hz)
N, = noise spectral density (watts/Hz)
N = noise power = N,B (watts)

Therefore, E R, = total signal power

We define the Bandwidth Use Efficiency as

R, [ bits/second }
B Hz

Example:
GSM Digital Cellular
Data rate = 270 kb/s
In general, B =200 kHz, thus

R ER Bandwidth efficiency =
-2 = 1082 1+t 1.35 bits/sec/Hz
B NB
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MPSK

@ The in-phase and quadrature components derived lead to a geometrical
potrayal of complex baseband signals, referred to as constellation diagram
or a signal space diagram. This space is spanned by an basis set, which
for PSK is simply the quadrature carriers

$1(t) = \/gcoswct, P2(t) = \/gsinwct

@ For M = 8 (m = 3 bits per symbol), we have an 8-PSK constellation:

b,
100
*"—
101 & , e l10
E
001 ol > J4as° 111

- s
000 ™ 011

&
010
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MASK

@ An M-ary extention of ASK is obtained by transmitting a single pulse with
M amplitudes, that is £p(t), £3p(t), £5p(t),..., (M — 1)p(t) where
p(t) = \/2/T coswct (assuming rectangular baseband pulse)

@ The resulting constallation diagram is simply a set of points on the x-axis,

which corresponds to ¢1(t) = /2/T cosw.t
QA

@ Note that unlike in MPSK the symbol energies are not equal
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QAM

@ A common signaling scheme is Quadriture Amplitude Modulation (QAM) |
@ It is a hybrid of MPSK and MASK, which can be described as

2F 2F;
si(t) = ﬂTﬂaicnswct—ﬂTﬂbisinwﬂt 1=0,1,.... M —1; 0<t<T

@ The constellation diagram has the same basis function as MPSK, that is
$1(t) = y/ 2 coswet and ¢a(t) = 1/ Z sinw,t

T
@ For example, 16-QAM:

- - k3 . -
1010 11 1111 1

L] . '] .
1000 L 1ol JRLLH

- - =3 ] L]
o LUIIN a1l o1y

@ Similarly to MASK, the symbols have different energy levels
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MFSK

@ In M-ary FSK, each of the M symbols is given by

si(t):\/%cos [%(n—l—z)t] 3= 0.1 =1 QK EST

@ Since the symbols is orthogonal to each other, M-ary FSK occupies
M-dimensional signal space, with basis corresponding to the normalized

signals ¢;(t) = —\}-E-si(t)
)

£ ”

b3
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Bit Error Performance

Coherent Bandpass Receiver Techniques

@ As with baseband systems, the error probability of digital bandpass
systems with optimum receivers depends only on the pulse energy, not the
shape.

@ As before, the incoming pulses can be demodulated either coherently
(synchronously) or noncoherently (envelope detection).

@ Coherent detection is optimum, but necessitates carrier phase
synchronisation.
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Coherent Bandpass Receiver Techniques

@ Let the modulated pulse be p(t) = v/2p’(t) cos wct, where p(t) is the
baseband pulse

@ There are two equivalent formulations of coherent bandpass detection
©Q a filter matched to the bandpass pulse

p(t) = \/Ep’(r) COS w,.f t=nTp

h(t)=p(Tp-1) }—>——0 7‘\0 : T]:jre:glhold Decision
evice

Q a filter matched to the baseband pulse, preceded by frequency
downconversion

V2 cos w,t

p(1) = \/2p(1) cos w_ f=nly

evice

@ Note, that in both cases we require a synchronised carrier phase: either
for the MF response or for the coherent demodulation.
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Non-Coherent Bandpass Receiver Techniques

@ If the phase @ of the incoming pulse p(t) = v/2p'(t) cos w.ts we must
employ noncoherent detection

@ Note: this does not apply to PSK, since the information carried by PSK
signal is actually contained in the phase

@ In order to apply noncoherent detection to PSK, we must use differential
encoding (which is beyond our scope)

@ it can be shown that the optimum noncoherent detector is a filter matched
to the RF pulse (with a phase error), followed by an envelope detector

Pol1)

20 Ty __251(1{ n‘n’ TE;W“NNI\*%LE&:

n S e

' r
- H(w) > Envelope | ‘}(. TI:lres_hold -
p(1) P, detector t=nT, evice | Decision

@ We now analyse the error performance, focusing on coherent detection
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BPSK and BASK BER

@ Recall that Binary PSK is equivalent to applying polar signalling to a
carrier wave

@ Since multiplying by a sinusoid does not effect the average pulse energy,
the performance of binary PSK is that of polar signalling

-alyE)

@ Similarly for Binary ASK, where the underlying line code is on-off
signalling (unipolar), the performance is

(i)

@ As with the baseband probabilities of the equivalent modulations, BASK
requires 3 dB more power than BPSK.
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FSK BER

@ To evaluate the BER for binary FSK, we need to evaluate the |
crosscorrelation term E,, in

_ bp + Eq — 2Epq
PE_Q(\/ 2No )

@ Recall that the two (normalized) pulses can be expressed as

q(t) = V2A cos[2m (we + Aw)t]
p(t) = V2Asin[27 (we — Aw)t]

@ Evaluating E),, we can show that

B = [ " p(t)a(t)

_ 22 sin AwT, n sin 2w. T
N AwT, 2w T,

~ A’Ty sinc(AwTy)  since weTp >> 1

@ In order to minimize P., we want to minimize E,,...
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FSK BER

sinc (Aco)TbT
1

0 —
—0.217 (Aw)T},
(a)
@ The minimum value of E,, is Epqmin = —0.217A*T},, which occurs at

AwT=1.43m, or Af = %£2 = 0.T15R;, (where Ry is the symbol rate).

@ In this case, E, = E, = E, = A*T},, Epq = —0.217A%T}, and thus the
error probability is

1.217A2T, 1.217E,
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@ Note that the separation A f impacts on the transmission bandwidth of
FSK.

@ In order to minimize the bandwidth (without sacrificing the error rate
performance), we can lower A f to the first zero crossing of sinc(AwTy}),
that is Af = 1/2T;, such that E,; =0 .

@ (Signaling where E,, = 0 is referred to as orthogonal signaling)

@ This FSK scheme is referred to as minimum-shift keying (MSK) or
fast-frequency-shift keying
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M-ary Error Performance

MASK

@ So far we have analysed the bit error rate (BER) performance for binary
ASK/PSK/FSK

@ Our disussion of constallation diagrams lead us to the notion of M-ary
schemes, where a symbol represents log, M bits of data. This results in
increased bit rate.

@ The question is: in terms of the error performance, what is the price we
pay as a result of this throughput increase?

@ Or stated another way: what increase in power (MASK/MPSK) or
bandwidth (MFSK) is required to maintain a given performance level

@ We first determine the M-ary symbol error rate (SER) P.ar, and then
convert SER to bit error rate (BER) P
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MASK SER

@ Recall that in M-ary ASK we transmit M pulses
£p(t), £3p(t), ... £ (M — 1)p(t).
@ In order to find SER of MASK we take the following approach

@ By examining the conditional PDFs of received MASK, we derive the
SER P.ar as a function of the energy of p(t) Fp:

C2(M —1) [2E,
-PEM — M Q( %)

© We then express the average pulse energy F,\ as a function of E,,
which will in turn let us express E}, as a function of the average
energy per bit Ey:

 E,m M?-1
~ log, M 3log, M

© The substitution for F, gives the SER

B M -1 6 log, M E,
PEM_z( M )Q( M2 -1 N)

Ey

Ep
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MASK SER (step 1)

@ In order to find P.yr we note that similarly to the polar signaling, the
PDFs corresponding to each transmitted symbol are N (kE,, NoE,/2)

where £k =1,3,5,...M — 1

Prlm{rlm)

M M
—37% 24

@ We express the probability of error P.ar as a function of probabilities
conditional on transmitting symbol m;

M M
Py = ZP(mi)P&mi = % Z P, (if equiprobable symbols)
i=1 i=1

@ Noting that the end PDF contain only one neighbor, while the middle
ones two (and thus their P. ,,, is doubled) we have

Penr = % !Q (\/2&’) +@Q (“2}%) + (M — 1)2@( i\%)]
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MASK SER (step 2)

@ The average transmitted pulse energy E,M as a function of E, is

2
Epm = = [Ep +9E, +25E, + ...+ (M — 1)*E,]

9 (M—2)/2
== > (2k+1)
M

M?= 1
— 3 Ep

@ Since each M-ary symbol carries log, M bits of information, we have the
energy per bit is

Epm  M? -1

By = —
’ log, M 3logy, M

Ep



1-61

MASK SER (step 3)

@ Substitution for E}, in the SER expression from step 1, we have
PEM_Z( M )Q( M2 —1 N)

@ for large M, this can be approximated by

PeMx2Q( 613%{,22Mﬁ;’) M>>1

@ Finally, we note that assuming Gray coding , where adjacent symbols

differ by only 1 bit, each symbol error will cause only one error in a group
of logy, M. And thus the BER P, = P.ns/logy M
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MPSK SER

@ In M-ary PSK the pulses o
of neighbouring symbols \:M
are separated by 27 /M M
radians, that is

™~
b
=
+

/ 2w,
t) = cos |we.t + —1

p (t) [ + 77 ]
@ Thus a symbol error occurs when due to noise the phase of any pulse

deviates by more than 7 /M
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MPSK SER

@ The SER analysis is involved, since it requires the derivation of the PDF
of phase 6 of a sinusoid plus gaussian noise

@ The resulting SER is

2F, 1 M
Forn = 2Q (\/ b:/.g2 sin %)
0

272 Ey log, M
&2 2
¢ (\/ M?2Ny )

@ Similarly to MASK if we assume Gray encoding of bits onto symbols
Pl, = P(:M'/ log2 M
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MFSK SER

@ The analysis for M-ary FSK, which is again rather involved, gives

P =1 o [ OnV BRI - ay

@ An interesting observation can be made when evaluating the limit for
M — oo

M —00

1 Ep/No <log,2
0 Ey/No >log, 2

@ Since the signal power is S; = Ey Ry, where Ry, is the bit rate, we deduce
that we can achieve error-free transmission if

Si i
No T No

Ry <log,_2
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MFSK SER
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MFSK SER -; BER

@ For MASK and MPSK, we had P, = P.a/log, M.

@ In MFSK, since the dimension of the signal space is M, a symbol is
equally likely to be mistaken for any of the neighboring M — 1 symbols

@ It can be shown that for M = 2™ FSK, the BER is related to SER by

Qm—l PE'.M
P, = Py~
b om _ | M

m>>1

@ Proof: The probability P.,, of mistaking one M-ary symbol for another is

PEM -PEM
Pﬂm_M—1_2m—1

@ If an symbol differs by 1 bit from N; symbols, by 2 from N3 symbols...
then N., the avg number of bits in error in reception of a symbol is

N. = i NNy Perm = i nN, Qfeﬁ_’fl
n=1 n=1

PEM — m m—1 PEM
_2m—1;”’(”)_m2 om _ 1




A look ahead... estimation and 169
detection

From Signals to Vectors

@ In depicting the various signaling schemes by means of constellation
diagrams, we saw that the axes of in the signal space represented an
orthogonal basis set for the bandpass pulses

@ In the case of ASK, PSK, FSK the basis set is somewhat obvious

o for MASK it is simply the carrier cosw,t
o for MPSK the basis set is formed by the two quadrature carriers

cosw.t and sinw.t
o for FSK it is the full set of M carriers cosw;t (0 <i < M — 1)

@ For general signals, we can find an appropriate basis set using a process of
Gram-Schmidt Orthogonalization

@ Once we do so we can express any pulse as a vector in the signal space

@ This will enable us to use some powerful (and elegant) techniques for
system analysis



