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Disciplines required in RF design

Communication

Microwave Theory Random
Theory \ l / Signals
Signal RF Design —g— /. Transceiver
Prupagatlun _ Architectures
Multiple /
Access / \ ~ IC Design
Wireless CAD
Standards Tools
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Matched Filter

Linear Receiver Model

Signal
i)

x(t)

White noise

(L)

Linaar tirmes-

kft)

~ B ™ (T}
invarant filtar of ¥ - Y

impulse response

Sample at

timae=T7T

e g(t) : transmitted pulse signal, binary symbol ‘1’ or ‘0O’.
e W(t) : channel noise, sample function of a white noise process
of zero mean and power spectral density N,/2.

X(t) = g(t) + w(t)

0<t<sT

—{ h(t)

— Y(t) = go(t) + N(Y)

e Filter Requirements, h(t) :
» Make the instantaneous power Iin the output signal gy(t) ,
measured at time t=T, as large as possible compared with
the average power of the output noise, n(t).
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Maximize Signhal-to-Noise Ratio

Linear Receiver Model

Linaar tirme-
. x(t . ¢ T
Signal (1) invariant filter ot :F'”! y S ¥ '}!
gii) impulse response
kit Sample at
timat=T7T
White noise
w(t)

_ Instantaneous power in the output signal
averageoutput noise power

AR

rz %)
n*(t)
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Math Review

G(f):]: gt) e 1" gt

H. Aboushady

g(t) = T G(f) e!? ' df

S, (f) =|H(f)| S (f)
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Compute Signal-to-Noise Ratio

2

[e o]

jH(f)G(f)eiZ’”Tdf

—0Q

0o = [ H(HG(f)e "\ df | |1, =

[e o]

N

N 2 r )
SN(f)=7°|H(f)| nz(t)z:[oSN(f)df nz(t):7°_J;|H(f)| df

2

[e o]

jH(f)G(f)eiZ”def

—0Q

INR =

"
70£|H(f)|2df

e Optimization Problem:
e For a given G(f) , find H(f) in order to maximize SNR.
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Schwarz’s Inequality

» If we have 2 complex functions ¢1(x) and ¢2(x) in the real
variable x, satisfying the conditions:

[ 100" de<es [ 1e.00f de<

then we may write that:

7 > . . i a(0=ka ()
_jw 3,0 8,() A < j 6,09 dx j 00 & ey conta
setting: @ (xX)=H(f) and  |4,(X)=G(f)e!> T

2

[e o]

jH(f)G(f)eiZ’”Tdf

—0Q

< T H ()| df T G()|" df
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Matched Filter

2 7 2
SI\IRSN—O__‘;|G(f)| df

4,(X) =k ¢,(x)

=)

2 oo
NR.,, :WJ G(f)[ d
0

Ho(f)=k G (f)e’*

hy® =k [ G'(f) e > ™9 df

e for a real signal g(t) we have
G*(F)=G(-1)

ny(® =k [ G(-f) 72" df

hOpt () =k g(T-1)

e The impulse response of the optimum filter, except for the
scaling factor Kk, is a time-reversed and delayed version of the

Input signal g(t)
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Properties of Matched Filters

hopt (t) =K g(T _t)

Ho(F)=k G (f)e’* "

Go(f):Hopt(f)G(f)
=kG (f)G(f)e!>'T
=K|G(f)[ e’ T

e Taking the inverse Fourier transform at t=T-:

Where E is the

9o(T) = _[ Gy(f)e '™ ' df =k_[ |G(f)|2 df =k E| energy of the

pulse signal g(t)

ﬁm:%quﬁm

2 (t) = ijpuﬂm_k;E

R, =

k*E* _2E
kZ&E N,
2
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Matched Filter for Rectangular Pulse

h(t) for a rectangular Pulse: h, () =k g(T -1)

g(t) g(-t) h(t) = g(T-1)

= =

t t t
T T T

Filter Output g(t)*h(t):

Filter

R BN
* "':> 0 T 2T t

0 7 ¢ o T

Implementation:

Rectangular _| 1egratar —-——:H.'J'\D——D—

pulse Sample at
tima ¢=T
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Error Rate due to Noise

X(t - Sy Tify > A
. @ Matched -~ E Divigion ¥ iny

5{t) fiker device . ]
+ Sample of SayDity < A
tims T), T
White Gaussian Threshaold
noise w(i) A

In the interval O0<t<T, , the received signal:
(1) = {+A+ w(t) , symbol '1' was sent
— A+w(t) , symbol '0' was sent
Tb is the bit duration, A is the transmitted pulse amplitude

e The receiver has prior knowledge of the pulse shape but not
Its polarity.

e There are two possible kinds of error to be considered:

(1) Symbol ‘1’ is chosen when a ‘O’ was transmitted.
(2) Symbol ‘O’ is chosen when a ‘1’ was transmitted.
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Error Rate due to Noise

Suppose that symbol ‘0’ was sent: X(t)=—A+w(t) , 0<t<T,

Ty T,

1
The matched filter output is: Y =J- X(t) dt =—A+ T_J- w(t) dt
b o

0

Y is a random variable with Gaussian distribution and a mean of -A.

1 Tb Tb
: . 2 _ 2 __
The variance of Y: o, =(Y+ A)" = —_I_bz .[) J; R, (t,u) dt du

Where R, (t,u) is the autocorrelation function of the white noise w(t) .
Since w(t) is white with a PSD of N, /2 :

RN(t,u)z%&t—u)

=) [%v S 2T,
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PDF: Probability Density Function

e Gaussian Distribution: - ™ | Normalized PDF
( )2 ' u,~0and o,=1
1 Y- H o
f, (y) = exp| - >
UY 2” ZGY 0.2 —

N Ffr(x[0)
e Symbol ‘O’ was sent: U, =—A ,

S
I
|

>_Io
Yy

P, = P(y > Ajsymbol '0' was sent)

(o]

=| .00 d T f
A (a}
> Ny
e Symbol ‘1’ was sent: U =+A , 0Oy = TRy
b
P, = P(y < A|symbol '1" was sent) |
y) Fr1 {
= | fOoDdy ol |
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BER in a PCM receiver

oo 2
Py =—— j exp{— S ke }dy
V7 Ny /T, N, /T,

» let /=0 and the probabilities of binary symbols: p,=p,=1/2.
y+ A

N /T, Peo_\/_ij’N o2z

 where E_ =A?T, , is the transmitted signal energy per bit.

=

 the complementary error function: erfc(u) = \/_j exp

1 E
P, =P, :Eerf{ Wb]

0
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BER in a PCM receiver

Pe — poPeo + plpel

1072
Po=Fy
1 ’
Po=P = E el

ot

R=Fo+Fs 2 108
[+ 1}
13
1 E <

P=—erfq | = % 1078
N, £

10-10

—12

= 5 10 16
E,/ Ny, dB
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Why Modulation?

e In wired systems, coaxial lines exhibit superior shielding
at higher frequencies

e In wireless systems, the antenna size should be a
significant fraction of the wavelength to achieve a
reasonable gain.

e Communication must occur in a certain part of the
spectrum because of FCC regulations.

e Modulation allows simpler detection at the receive end in
the presence of non-idealities in the communication
channel.
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Message Source

Carrier wave

R S 7 |

o { | | [Eslimate
m; Signal : | 51t} R Cili] x| Signat |1 A

‘ MM ; transmission | i Mml”a’tﬂf H Cormmunication i - mr _.ﬂm
‘ source 1 encoder | chamnel | decoder I [

! | J '

R PR A TN S J L il

Transmitter Receiver

e m, : one symbol every T seconds
 Symbols belong to an alphabet of M symbols: m;, m,, ..., my,

e Message output probability: P(m)=P(m)=..=P(m,)

1
P = P(m)—ﬁ

e Example: Quaternary PCM, 4 symbols: 00, 01, 10, 11
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Transmitter

Carrier wave

] T ’l‘_—_—_'_"_'"'_'"'ri
‘ Signal . t ighat
Messoge | transmission = Communication * l! = Detector —:Hﬁui'ng:mm | »
Source i encoder chamnel I decoder I |
— — | - | '
Ll——-—-——--—-——--—-——--—-J |_ ____________ _I
Transmitter Receiver

e Signal Transmission Encoder: produces a vector s made up of N
real elements, where N <M.

 Modulator: constructs a distinct signal s(t) representing m, of
duration T .

-
e Energy of s(t) : E :j s’(t) dt, i=12.. M
0

 5(t) is real valued and transmitted every T seconds.
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Examples of Transmitted signals. s(t)

e The modulator performs a step change in the amplitude, phase
or frequency of the sinusoidal carrier

Binary | |
data o ! o

|
e ASK:
Amplitude Shift Keying . l\ A /\ ﬁ

ol Tb'"

|
e PSK: '

il
{
| |
I
|
I

TYRYY

____——h———_

| | W
|

T \/\/\/\/\/\ ARA N\ AN
Frequency Shift Keying ° \/ U U U U \/ U U \//\\/AU/\UA

f'c)
Special case: Symbol Duration T = Bit Duration, T,
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Communication Channel

Carrier wave
[ 7
! ; | ! P Estimate
Messoge | : Signal L 5itt) | amanication | ' g . Signst | |
transmission | | —|-D- transmission r-!—'—""-
source 1 encoder chamnel r decoder
| [ : |
| I
R PSS TN S J L il
Transmitter Receiver

e Two Assumptions:
eThe channel is lineat (no distortion).
» 5(t) is perturbed by an Additive, zero-mean, stationnary,
White, Gaussian Noise process (AWGN).

e Received signal x(t) :

Transmitted Received
signal signal
s: (8} + x(t}
O<t<T
X(t)=s(t) +w(t), «.
(t) = 5. (t) + w(t) {.:Lz,...,m
White noise
wit)
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Recelver

Carrier wave

r.-—-..-.__-—--_-—_-l--—...—_..— — — ——-—_———-—-————-—-_—j
{ Signal I | ,a
, sgnal
Message J.Wi_'_,.T transmission | Communication xe) »| Detector » s'gr-“ .
source i encoder chanme decoder
! I
l—- —————————————— L W= -J
Transmitter Receiver

*TASK: observe received signal, x(t), for a duration T and make a

best estimate of transmitted symbol, m, .
eDetector: produces observation vector x .
eSignal Transmission Decoder: estimates m using X, the

modulation format and P(m) .

e The requirement is to design a receiver so as to minimize
the average probablilty of symbol error:

P, =" P(fh=m)P(m)
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Coherent and Non-Coherent Detection

Carrier wave

—| —

transmission = . J Cormmunication xlllr Detector - Sign;r1 I i
encoder channel decod
—— — ! - |

Transmitter Receiver

Message
souree

e Coherent Detection:
- The receiver is time synchronized with the transmitter.
- The receiver knows the instants of time when the
modulator changes state.
- The receiver is phase-locked to the transmitter.

e Non-Coherent Detection:
- No phase synchronism between transmitter and receiver.
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Gram-Schmidt Orthogonalization Procedure

WY o
e we represent the given set of real- ' \’ff
valued energy signals s|(t), s,(t), ..., i
s,(t), each of duration T: .
©-=Ys00 , { =T i
S t = SJ j ’ . do (1)
— I =1, 2,..., M g Mod
=1 ! UlatOr
« where the coefficients of the tiv —={x)
expansion are defined by: \r
T ] P lt) |
1=12,.,M =
= t) ¢ (1)dt T X e
S !s(m() {j=12,...,N -®
#14t)
» the real-valued basis functions ¢,(t), W f," 4 s
o(1), ..., ¢y (t) are orthonormal: o
T . . . ° De
1 if i=]
Jo®) g, a ={O | T _..N
0 |f n !
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Coherent Detection of Signals in Noise

¢a ¢z Moise
vector

Received
signal peint

Qbservation
vactor
X

Message
point
Sigmal vector
8;

o] tq

¢ ¢3

e Signhal Vector s :

) O=sO+we), | L5
X(l) = W), A.
s=|72| | iz12..M =12, M
S\ e W(t) is a sample function of
———— : an AWGN with power spectral
e Observation vector X : density N,/2.
X=s+w , I=12.,M

where w is the noise vector.
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Coherent Binary PSK:

. M=2, N=1 oE - [2E
0<t<T, s (t) = - > cos(2f t) S,(t)=- - cos(274 t)

b b

e To ensure that each transmitted bit contains an integral number of
cycles of the carrier wave, fc =nc/Tb, for some fixed integer nc.

e One basis function: ¢,(t) = /TE cos(2xft) , O<t<T,
b

e Sighal constellation consists of &ﬁﬂ:ﬂ
two message points:

s.= s awd = JE

_____Region Regiop
Zz Zy
T
b —V/E_'b \/Fh
o1 = J-SZ(t) A (t)dt = B! E, Message Me;aga .
0 point point

1

—— —— —— — — —— {—-ﬂ—-_————
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Generation and Detection of Coherent Binary PSK

e Assuming white Gaussian Noise with 1 E,
PSD = Ny/2, P=—efc |[—
The Bit Error Rate for coherent binary PSK is: 2 N,

Binary PSK Transmitter

. Binary
Binaty Nor-eturn- Product
data == T0ZEIC =3 o dulator PSK
sequence leve! encoder signal

Coherent Binary PSK Receiver

T e —— — i —— —— e — — e

1 -

| Ty "1 Decision Choosa 1 if x> 0
w5 f o “ . e Choose 1ifxy <0

l |

R ] T

Threshold =0
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Coherent QPSK:

e M=4, N=2: (
! ' 2E . T
— 17— <t<
S(t):”/T co{zmct+(2| 1)4} , 0<t<T

, €lsewhere
S (t) = \/7 cos(27zft+—)
S,(t) = \/: cos(27zft+32)
s,(t) = \/7 cos(27rft+5%)
5,(t) = \/7 Cos(27:ft+7%)

e Two basis function: ¢, (t) = \/zcos(Zﬂ' ft) , 0<t<T

@,(t) = \Fﬂn(Zﬂft) . 0<t<T
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Constellation Diagram of Coherent QPSK System

P

/

Region
Z3

Maszage ?,_ —
point ma |
(dibit O 1} :

= a:lam
Decision 2

boundary

E,

0

N

Region
Zg

v Ef2

- = Q) Message
| paint my

L idibit 11) Decision

boundary

0 I JED
|

l __4

1

Region
Ly

H. Aboushady

Message
point my

Message
point m 4

Region
Z
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OPSK waveform.: 01101000

Input
hinary a
sequence

Odd-numbered sequence 0
Polarity of coefficient 54 —

/\

—

—r

+—

+d

h1¢|ﬂﬁiﬂ;

Evan-numbered sequence
Polarity of coefficient 5z

<

+-—l

JA

o

r—
-2
e

o <«

:?
e

-
=

g -

<4

[

Sadain

ANV AN
T IV

AN

<
C %
______§_________

EAVAVVAY,

H. Aboushady

I
@ |

k/\/\/\/“l/\/\t
ViV V

\VAVAAVAR
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Generation and Detection of Coherent QPSK Signals

QPSK Transmitter
Binary Monreturn
data ] {O-zETO lEvel
sequence ancader

aqpitl
1 4—%{;

-l—lh-

Demultiplexer

Coherent QPSK Receiver

& (1)
Recaived
HIYNY | ——
x{t)
by (1)

H. Aboushady

¢ it} =J—$ml!rf,tl +

QPSK

signal
+

Gz (s
.?

b2y =/ Z sintanf,e)

Threshold ={

!

T *1 | Decision
.'; ds ™ device I
in-phase channsal Cutput
Multiplexer e hinary
SEqUEnce
T *2 | Dacision I
_ﬁ: N e G
Threshold = 0 University of Paris VI



Power Spectra of BPSK ,QPSK and M-ary PSK

e Symbol Duration:

e Power Spectral Density of
an M-ary PSK signal:

oy
(=]

Normalized power spectral density
L
o

0

T =T, log, M

S, (f) = 2E sinc?(Tf )

= 2E,log, M sinc*(T, f log, M)

w=g Sp(f)=6E, sinc’(3T,f)

m=a (f)=4F sinc®(2T, f)

-3 S(f)=2E sinc*(T,f)

0.5

H. Aboushady Normalized freguency

1.0
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OPSK Recelver

[

antenna

a.(t) =\E cos(2z f 1)

path | %

Threshold=0

T

[ dt

path Q

dt

o —y

.

)= \/gsi n(2z f t)

v

B

Decision
Device

)

Multiplexer

011011
—>

Decision
Device

?_

Threshold=0

QPSK Constellation Diagram
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01

Binary Data

00

10
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Recelver Circult Non-I1dealities

e Circuit Noise (Thermal, 1/1)
e Gain Mismatch

e Phase Mismatch

e DC Offset

e Frequency Offset

e Local Oscillator phase noise
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Circuit Noise

15
Q
1
Circuit Noise: F o o
05 Foeernn B
e Thermal Noise 0
e Resistors ;
- _05 oo - - SR
* Transistors o o
DREET ..o
o F“Cker (1/f) NOISe e Dtﬁgsrlnlal noiseé ; ;
15 -1 -05 05 1 15

* MOS transistors

o flicker noise
Vi
Af thermal noise

frequency
H. Aboushady
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Gain Mismaitch

cos(2nf.t)

A(1+0/2)

I(t)cos(2nf t)+Qt)sin(2nft) —s

University of Paris VI

sin(2mfct)
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Phase Mismatch

cos(2nf-t+¢/2)

l{t)cos(2nft)+Q(t)sin(2nf.t)

\\\\\\\\\\\\\\\\\\\\\\\

sin(2mft—d/2)

University of Paris VI
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DC Offset

1)

cos(2m

4

I(t)cos(2nf t)+Q(t)sin(2nf t) —s

offset

T+
|
|
|
|
L - - LYl _____1l______1______1

15F-———-

offse

(2nfct)

5in

-1.5
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- C
= =
[y L
<] <]
+ +
' —
el L
= E
o o
i S
z =
o L

Frequency Offset

I(t)cos(2rf t)+Q(t)sin(2aft) —s
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Local Oscillator Phase Noise

1.5

cos[2nf t+d(t)]

05 oot ]

I(t)cos(2rf t)+Q(t)sin(2nf t) —s

sin[2mf t+4(1)] P S S S S A A

o idedl ,
close-in phase noise
| |

-1.5
-1.5 —1 -0.5 0 0.5 1 1.5
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Reciprocal Mixing

interferer
'y

desired

fe feral
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