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Digital Bandpass Transmission

m CW detection techniques
— Coherent
— Non-coherent
— Differentially coherent
m Examples of coherent and non-coherent detection error rate
analysis (OOK)
m A method for ‘analyzing’ PSK error rates
m Effect of synchronization and envelope distortion (PSK)
m Comparison: Error rate describing
— reception sensitivity P = f(£ /N )
— bandwidth efficiency P = f.(r/B.)
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Overview
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Bandpass Transmission
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CW Binary Waveforms
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Carrier Wave Communications

Carrier wave modulation Is used to transmit messages over a
distance by radio waves (air, copper or coaxial cable), by optical
signals (fiber), or by sound waves (air, water, ground)

CW transmission allocates bandwidth around the applied
carrier that depends on

— message bandwidth and bit rate
— number of encoded levels (word length)
— Source and channel encoding methods

Examples of transmission bandwidths for certain CW
techniques:

- MPSK, M-ASK B, ~r=1,/n=r/log,M (M =2")
= Binary FSK (f,=r/2) B

T

= MSK (CPFSK f=r/4), QAM: B, ~1,/2
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FSK: Frequency shift keying
CPFSK: Continuous phase FSK

Helsivki Unidversity of Technolo gy, Commicafions Laboratory, Time O Eorhonen




;  Conti Ph Modulator (CPM
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Data Pre-filtering | o DMGH NGO, ...,

= Making phase changes continuos in time domain by filtering
(before modulator) results spectral narrowing & some ISI - often
so small that making B; smaller is more important
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CW Detection Types

= Number of allocated signaling levels determines constellation
diagram (=lowpass equivalent of the applied digital modulation
format)

= At the receiver, detection can be
— coherent (carrier phase information used for detection)
— non- coherent (no carrier phase used for detection)

— differentially coherent (‘local oscillator’ synthesized from
received bits)

m  CW systems characterized by bit or symbol error rate (number
of decoded errors(symbols)/total number of bits(symbols))

Helsinki University of Technology,Communications Laboratory, Timo O. Korhonen



Coherent Detection by Integrate and Dump /

Matched Filter Receiver

m Coherent detection utilizes carrier phase information and requires in-
phase replica of the carrier at the receiver (explicitly or implicitly)

m [t is easy to show that these two techniques have the same

performance:

V(1) o——

Bty=s(r—t)

r=T
—l-c)\)—p-o*l‘(T)

(Compare with
threshold)

v(t)=s(T—1)D ()

= |, s(t—1)y(7)dt

(a) Matched filter implementation

v(?)

t=T
-——I-G; O——-1(T)

{Compare with

threshold)

(b) Correlator implementation L‘(f) — I: S(f — f)p( f)df
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Non-coherent Detection

= Base on filtering signal energy on allocated spectra and using
envelope detectors

= Has performance degradation of about 1-3 dB when compared
to coherent detection (depending on E,/N,)

= Examples:

Received
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Differentially coherent PSK (DPSK)

= This methods circumvents usage of coherent local oscillator and
can achieve almost the same performance as PSK:

x A1) + n(1) y(t) ;
——# BPE % LPF | Regen > m
Bt *+ *
L ?ﬂay sync | lv =0
]
K=2

m After the multiplier the signal is
x, (1) 2x,(t—=T,)=2A.cos(wt+ 6+ ar)
<cos|@, (t—T,)+6O+a_r|
= A24cos(a, —a_)m
+cos[2w.t+20+(a, +a,, )7}
and the decision variable after the LPF Is
Boom _
| | d.a=a,
:(Tk):‘ S
—4..a, #a,_,
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Differential Encoding and Decoding

s Differential encoding and decoding:

Input message 1 01 1 01 000 start, say with a =il
Encoded message 1 1-0 0 0—+1 1-0-] .

Transmitted phase n n 00 0 n 0 =« (11 M. — l,set a =d4a,,
Phase-comparison sign + - + + - + - - ‘ T T
Regenerated message 1 01 1 0 1 0 O --.11 = 0,set Gy T G

s Decoding is obtained by the simple rule:

d=a, ,®Pa i i
dy
that is realized by the circuit shown Eelay
. I -
right. nfp XOR
= Note that no local oscillator is required ABY
= How would you construct the encoder? 001
010
100
111

12
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Coherent Detection
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Example: Optimum Binary Detection

n/2
x (1) = st — kTy) BPF y(¢) y(te)
/
m=0,1 "( ) "l hg) N g
| +h

7 3
|
Jd

VOo—» -

SYNEg — — —

s Received signal consist of bandpass filtered signal and noise
that is sampled at the decision time instants {, yielding decision

variable: ' = y(t, )=z _+n
s Quadrature presentation of the signaling waveform is
S (t)=A4 { kp(r)u:m (@ r) @) £ (T}am(m r)f

s Assuming that the BPF has the impulse response a(t), signal
component at the sampling instants is then expressed by

(0T
2, =5, (t—kT) @ h(t),, = J' s (A—kT)h(t, — A)dA

&T

7
_ J' s (DT, — A)d A
0 (x® y(t) = j X(A)y(t—A)dA)

A
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Optimum Binary Detection - Error Rate

= Assuming ‘0" and ‘1" reception is equally likely, error happens
when H, (‘0" transmitted) signal hits the dashed region or for H,
error hits the left-hand side of the decision threshold that is at

For optimum performance
we have the maximized
SNR that is obtained
by matched filtering/
integrate and dump receiver

(|2, —:»:D‘/Zcr)z

Errors for ‘O’ or/and ‘1" are equal alike, for instance for ‘0’

(V7 — =
2 - { -4
e\p (A+z,) / jcrz}ng‘ : ‘

Peo = D'ﬂ

pe:(peﬂ—i_pel)"!j:g.f(.‘ ‘EI‘ j(jr')
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Optimum Binary Detection (cont.)

m EXxpress energy / bit embedded in signaling waveforms by
T

T
[ [so-safai=| s
0 0 |
gl
i
| L s (A)dA

£y

. my Note that the signaling waveform
P, = QU:1 — 5|/ 20) correlation greatly influences the SNRI!

m [herefore, for coherent C\W we have the SNR and error rate

2 A
‘51,_'2”‘ E+E”E’m:>po\/E+E“E o| [B—Es

40 ai=ni2 L;? ‘Lf? J \ /) J
\ SNR s = /2N N,=c*=n/2

N o
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Timing and Synchronization s(t) P 2(1)
s Performance of coherent detection is greatly '
dependent on how successful local carrier recovery is

s Consider the bandpass signal s(t) with a rectangular pulses
p+,(t), that is applied to the matched filter h(?):

s(t)=A,p,(f)cos(w,I),
] h(t)=Ks(-T,—t)=Kp, (-T, —t)cos(@.t+6.)
= z(T)=s5(t) D h(t)

[ 5T ) - s
~KAN - 2 \[cos* (mz/T,)—1/2] Ex[s(t)dt
/ | | z(t) ITkT :ACTE:/Z
. ) . L
= KA A &£ KEr-r———-—— = o
T | T 71

B /

| J/f + cos ( @,7) 7 | : g‘{jﬂf\f L WJ{/RK%H%,, ;

r[sl (A)-s, (/’i)]2 dA= JJ sH(A)dA+ JJ s (A)dA- Zr 5. (A)s (A)dA U U

A & k 2y
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Analyzing phase

Therefore, _due to phase mismatch error by Mathcad
atthe receiver, the error rate is
degraded to T
/ \ %J, cns(z-%-t)-cns[}ﬂ{fr_ t:ljldt
E —E |
p, =0 \/'E’mt:CrS2 7,4 : :
| i
\ / / n=1.1000 T:=03 2(s,T) = cos[ﬂ-%j -%
@E — {i}cf N 1
tl’l = ﬂ'ﬁ
0.5 \I\I Ifl\‘\l Ilif
uﬁ Jf \
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Iu J,f'l Hi ;J
/
\ / \JJ
g 0|.5 1
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Example

m Assume data rate is 2 kbaud/s and carrier is 100 kHz for an
BPSK system. Hence the symbol duration and carrier period are

I’ =1/2kbaud/s=0.5ms 7 =1/f =10 us

therefore the symbol duration is in radians

Wus _27 . 314.21ad
O5ms x

m Assume carrier phase erroris 0.3 % of the symbol duration.
Then the resulting carrier phase error is

f =0.003x=094 rad =54°

and the error rate for instance for y =8~ 9dB is
7. =0(16c0s*54)~ 107
that should be compared to the error rate without any phase
errors or p = Q(\/E) ~3.10"
m Hence, phase synchronization is a very important point to
remember in coherent detection
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Example: Coherent Binary On-off Keying (OOK)

s For on-off keying (OOK) the signaling waveforms are

s(t)y=A.p,(t)cosm. t, s,(f)=0

and the optimum coherent receiver can be sketched by

x (1) + noise tk + )T V(14 )

> | el SIH  puliglis
> J_ — m
KA‘ COS w,.l + _T {"}_’. _
. — Reset 1 ~ Sample
i | s 8 ST E
k Bitsync J, = = — = -
o nd/T) n n
E = IS(AW/—&T Ispmufw/_o
B, — Eln

E =(E,+E)2=A4T /4 p, —O‘
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g
Error rate for M-PSK ”-if' /\Q

101
L1

e,
1@5‘! \/X//D}Er )

= In general PSK error rate can be expressed by 110

p,=n 0‘ i ‘_ = O‘ ) decision region

\, Lg J \ O J
where d is the distance between constellation points (or a=d/2 is
the distance from constellation point to the decision region

border) and n, is the average number of constellation points in
the immediate neighborhood. Therefore

(2A4sin(0 /2 A
= 20( L )220 2O 5o gingr m\
\ 20/ \ 20 J \ O
Note that for matched filter reception \f = 27
A 2E , 2
2= 2= E=nE =log,(M)E, g=="
o ] A: RMS signal voltage M

at the moment of sampling
21
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Error rate for M-QAM, example 16-QAM

0111 0011 1011 11

[] D
2 3al

=18a"

i 4-24a° +8+10c12 +4-18a" 10a®

20‘ 1{ ‘ symbol error rate

Constellation follows from 4-bit words and therefore
© ) (11 =log, M ,E =nkE,
sp,=p(E)/n

p.=3 I—I—%)
‘L.(TJ'
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Envelope distortion and QPSK

= QPSK is appealing format, however requires constant envelope
= Passing constellation figure via (0,0) gives rise to envelope -> 0

= Prevention:

) Natural Gray
— Gray coding — a, code code
— Offset - QPSK 3472 11 10
A/2 10 11
— Pi/4 QPSK —A)2 01 01
\ —3A/2 00 00
I channel: 1 0 0
Q channel: |1 0 1
Symbol:1 11 10 00 o1 01
1Q Delay | and Q channels
11 01 by symbol time
10 -
Apply two n/4 offset I
QPSK constellations by turns
00 10
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Non-coherent Detection
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Example: Non-coherent On-off Keying (OOK)

n/2
A.a,cos (wt + 68) BPF Env y(1) :
4.{ % )—> h(1) —¥ —»1 Regen [—P a,

Bit * *

sync | %

= Bandpass filter is matched to the signhaling waveform (not to
carrier phase), in addition f.>>f_ and therefore the energy for *1’
is simply E. =T,(A./2)

s Envelopes follow Rice and Rayleigh distributions for ‘1" and ‘0’
respectively:

Pyl }'IHu]
digtribution for 0"

pviylH,)

digtribution for "1"

0

|
|
! - E
A \ A
2
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Non-coherent Binary Systems: Noisy Envelopes

= AWGN plus carrier signal have the envelope whose probability
distribution function is

— For nonzero, constant carrier component A_, Rician
distributed:

:v2+ 1{
\f

L._ J

p,Y|H )= i;e};p \ —
o \

— For zero carrier component Rayleigh distributed:

\ I'd _\.2 AY
p}f{.Ji | Hn } — —zexlj‘
@)

\1__}
\, Af_f

= Forlarge SNR (A.>> o) the Rician envelope simplifies to

/ ( x 4 -.}2 5

VvV . :h: v - = ! -, &

p,(Y|H )= —ze};p‘ = = ‘1_ 0
2r4.o \ 200 )

m Therefore in this case the received envelope is then essentially
Gaussian with the variance o< and mean equals p,(x)~ 4.
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Envelope Distributions with different
Carrier Component Strengths

A.=0 Rayleigh distribution

“=Ae=20 Rice distribution

Alo

=
—
tJ p—
(s
=N
-yl
~J
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Noncoherent OOK Error Rate

= The optimum threshold is at the intersection of Rice and
Rayleigh distributions (areas are the same on both sides)

= Usually high SNR is assumed and hence the threshold is
approximately at the half way and the error rate is the average
of '0" and '1' reception probabilities

VIS
Fo= I p, (Y |H )dv=exp(—A4./8c" )=exp(—y,/2)
A2

A2
P.= [ p,(V|H)dv=0(4./20)=0(7,)

0

m  Therefore, error rate for non-coherent OOK equals

T % [e};p(_;;& 12)+ 07, ﬂ ® % exp(—7,/2).7, >>1
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Comparison
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Error Rate Comparison
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a: Coherent BPSK
b: DPSK
c:Coherent OOK

d: Noncoherent FSK
e: noncoherent OOK
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Comparison of Quadrature Modulation
 Methods

64 A\
LA / Note that still the performance is good, envelope is not
LI A / constant. APK (or M-QASK) is used in cable modems
* oo oy Q—// 32
B e oo oY ?:j/ ~-° /%
(p,=10"%) o/ S ‘ ," ----- B )
! / “:l - // .'"/ \“.
— o ¢ *
_ _,.,f ~~~~~ \__-/A.“
.-"'0?‘5} ‘/v\
B Modulation Detection ro/Br  7,,dB
OOK or FSK (f; = ry/2) Envelope 1 12.3
DPSK (M = 2) Phase-comparison 1 9.3
- DQPSK Phase-comparison quadrature 2 10.7
PRK Coherent 1 8.4
MSK, QAM, or QPSK Coherent quadrature 2 8.4
DPSK (M = 8) Phase-comparison quadrature 3 14.6
- PSK (M = §) Coherent quadrature 3 11.8
PSK (M = 16) Coherent quadrature 4 16.2
APK (M = 16) Coherent quadrature 4
pal l | 1 I I L | |
7 10 12 14 16 18 20 2 24
'}’bl dB

M-APK: Amplitude Phase Shift Keying
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