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Wireless Systems

® Direct conversion architecture

= e
. ! '

Dlglta! :E : ! Digital
Processmg:: i EProcessing
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Transmit IC Receive IC

" Transmitter issues
= Meeting the spectral mask (LO phase noise & feedthrough,
quadrature accuracy), D/A accuracy, power amp linearity
® Receiver Issues

= Meeting SNR (Noise figure, blocking performance, channel
selectivity, LO phase noise, A/D nonlinearity and noise),
selectivity (filtering), and emission requirements
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Future Goals

" Low cost, low power, and small area solutions
= New architectures and circuits!
" Increased spectral efficiency
= Example: GSM cellphones (GMSK) to 8-PSK (Edge)
= Requires a linear power amplifier!
" Increased data rates
= Example: 802.11b (11 Mb/s) to 802.11a (> 50 Mb/s)
» GFSK modulation changes to OFDM modulation
" Higher carrier frequencies
= 802.11b (2.5 GHz) to 802.11a (5 GHz) to ? (60 GHz)
" New modulation formats
= GMSK, CDMA, OFDM, pulse position modulation
" New application areas
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High Speed Data Links

A common architecture

10 Gb/s
_.D + Data Link
Driver -t

Amp
Clock :
v and Data ~»{DEMUX .
Recovery Digital

Digital ' :
Processing 1"y : : 7 : ! Processing
Block 1, ' , 'y
i ; J Clock 1 1 Block
-:-IP Clock Generation | i E DGictrbubion v
iy : 1 : :
Transmit IC Receive IC

® Transmitter Issues

= Intersymbol interference (limited bandwidth of IC
amplifiers, packaging), clock jitter, power, area

B Receiver Issue

= Intersymbol interference (same as above), jitter from
clock and data recovery, power, area
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Future Goals

" | ow cost, low power, small area solutions
= New architectures and circuits!
" |ncreased data rates
= 40 Gb/s for optical (moving to 120 Gb/s!)
= Electronics is a limitation (optical issues getting significant)
= > 5 Gb/s for backplane applications
* The channel (i.e., the PC board trace) is the limitation
" High frequency compensation/equalization

= Higher data rates, lower bit error rates (BER), improved
robustness in the face of varying conditions

= How do you do this at GHz speeds?
" Multi-level modulation
= Better spectral efficiency (more bits in given bandwidth)

M.H. Perrott MIT OCW



What are the Issues with Wireless Systems?

" Noise

= Need to extract the radio signal with sufficient SNR
= Selectivity (filtering, processing gain)

= Need to remove interferers (which are often much larger!)
" Nonlinearity

= Degrades transmit spectral mask

= Degrades selectivity for receiver

M.H. Perrott MIT OCW



Multidisciplinarity of radio design

Communication

Theo
Microwave Y Random

N

Signal Transceiver
RF Design -a—=—
Propagatlon 9 Architectures

Multiple /
Access / \ IC Design

Wireless CAD

Standards Tools
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Digital Baseband Transmission

Major sources of errors in the detection of
transmitted digital data:

ISI : InterSymbol Interference Vino—H——> Vou

The result of data transmission over a non-ideal "]
channel is that each received pulse is affected '
by adjacent pulses.

Channel Noise

Detecting a pulse transmitted over a “MM\“'

channel that is corrupted by additive noise.
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Matched Filter

Linear Receiver Model

Signal x(t)
g(t)

White noise
w(t)

Linaar time-

- £7 I (T}
invariant filter of Y - Y

impulse response

k()

Sample at

timet=7

e o(1) : transmitted pulse signal, binary symbol ‘1’ or '0’.
* w(?) : channel noise, sample function of a white noise process
of zero mean and power spectral density ~,2.

x(t)=gt)+w(t) , O=<st=<T

e Filter Requirements, i) :

h(t)

——1 () = g,(1) + n()

e Make the instantaneous power in the output signal g,(? ,
measured at time =7, as large as possible compared with
the average power of the output noise, n().

H. Aboushady
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Maximize Signal-to-Noise Ratio

Linear Receiver Model (1) = gy(t) + n(?)
Lingar time-
Signal x(% invariant ikter of ﬂm\or_ﬂ"}’_
g(t) impulse response
k() Sample at
timet=7T
White noise
w(t)
SNR = instantaneous power in the output signal
averageoutput noise power
2
T
SVR — |g o )|
n’ (1)

Objective :

Specify the impulse response /(1) of the filter such that
the output signal-to-noise ratio is maximized.
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Math Review

Fourier Transform

G(f)=fg(t) e " dt

Inverse Fourier Transform

g0 = [G(f) " df

Power Spectral Density of a Random Process S,(f)
applied to a Linear System H(y)

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

Signal Power

&)= [H()G(f) e ™" df

Noise Power

S, (f) = %|H(f>|2

|go (T)|2 =

2

fH(f)G(f)ejz”def

e )

(0= [ 5,/ df

Signal-to-Noise Ratio

Optimization Problem:

H. Aboushady

For a given G(f) , find H(f)
in order to maximize SNR.

2O ==E [ df

2

[HG()e™ " df

—00

SNR =

Sl
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Schwarz’s Inequality

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

}|¢1<x>|2 dx < %

then we may write that:

[lpf dx <o

[ 40 6.() dx

2

< f 40 dx} 6, () el

iff ¢ (x) =k ¢,(x)

where £ :arbitrary constant

setting:

¢ (x)=H(f)

and

¢,(x)=G(f)e ™"

[HG()e™ " df

2

< f H(P| df f GO df
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Matched Filter

2 2
SNRSVO £|G(f)| df

#(x) =k 4,(x)

=

2 2
VR, = [ |60 o

H,(f)=kG(f)e™"

By (£) = k} G'(f) e/ gf

o for a real signal g(t) we have

G*(f)=G(-f)

By (1) = k} G(-f) e /T gf

hopt(t) =k g(T_t)

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

input signal g(t)

H. Aboushady
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Properties of Matched Filters

Opt (t) : g(T t) Go (f) = Hopt(f) G(f)
H (N=kG(f)e’*T kG (f)G(f)e' /T
e

e Taking the inverse Fourier transform at =T

(D)= [G()e ™ df =k [|GU] df =k E

Where E is the
energy of the
pulse signal g(»

H. Aboushady

2~ Ny P 2 N, , 2 N
(0 == £IH(f)| df nz(t)=7°k2_j;|G(f)| df =K' LE
k’E? _2E
SNR, = N,
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Matched Filter for Rectangular Pulse

h(t) for a rectangular Pulse:

By (6) = k (T = 1)

t g

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

=)

> 1
T

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

Filter

g(tJ__—I_.) Mr_l:l.__,) %
0 7 ¢ * T t:> 0 T 2r T
Implementation:
Rectangular INMOGIAtOr  ftedie() Dt
pulse
Sample at
tima ¢=T

H. Aboushady
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Error Rate due to Noise

x(t e Say 1ify > A
* (t) Matched ~.. 7 i Divigion L

s(t) filter device | : .
+ Sample of SayDify < 4
tims T, T
White Gaussian Threshoki
noise w(t) A

In the interval 0=<7=<7 , the received signal:
X(1) = {+A +w(t) , symbol 'l' was sent
- A+w(t) , symbol '0' was sent
T, 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 '0’ was transmitted.
(2) Symbol ‘0’ is chosen when a ‘1’ was transmitted.

H. Aboushady University of Paris VI



Error Rate due to Noise

Suppose that symbol ‘0’ was sent: x(1)=-A+w(t) , O0=t=<T,

T, T,

1 | 1
The matched filter outputis: ¥ =— f x()dt =-A+— f w(t) dt
1,9 1,9

Y is a random variable with Gaussian distribution and a mean of -4.

1 & 3
The variance of Y: _— 2
o, =Y + A) 7 J; j; R, (¢,u) dt du

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

R, (t,u) = %5@ —u)

= |5

H. Aboushady University of Paris VI




PDF: Probability Density Function

e Gaussian Distribution:

_ 1 (y B My)z
fr(y) = o o >

20,

exp

Normalized PDF
uy=0 and o,=1

« Symbol ‘0’ was sent: u, =-4, 0, =—=

21,
P,=P(y> A|symbol '0' was sent) j\

- [ K0l @ z

\q 7 o) NO
e Symbol ‘1’ was sent: , =+4, O, = pre

b

P,=P(y< A|symbol 'l' was sent)

iyl

A

{a}

e . e . . e s

- [ 1,0 dy

H. Aboushady ~—~
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BER in a PCM receiver

1 00

\/:zNO/Jgfﬂ

e let A=0 and the probabilities of binary symbols: po=p;=172.

(y+A)

Peo=
NO/];

exp| - dy

v+ A
YN, /T, o= T f BN ool Je

e where E, =4°T, , is the transmitted signal energy per bit.

Z =

l 0
e the complementary error function: erfc(u) = T f exp[— zz]dz
JZ' u

£y
NO

1
P, =F, =Ee’f7pc

H. Aboushady University of Paris VI



BER in a PCM receiver

P =p,L,+pl,

1072
Peo = Pel
1 4
10~
Po=P = E u
mln
Pe = PeO = Pel g 10-8
B
1 E B
P =—erfc| | =& % 10~
2 N, 2
10-10
—12 !
b 5 10 1B
£,/ 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.

H. Aboushady University of Paris VI



Message Source

Carrier wave

, o i | :Estimm
i Signal - | 5t - ) ignal
| Message | transmission jmmtre Modulator -1:'—(-2-7 Communication x“"r = Detector _:,J.mi‘fg:;m :
| source | | encoder | channel | decoder | |
| ' l l L
L

Transmitter Receiver

 m,: one symbol every 7 seconds
e Symbols belong to an alphabet of M symbols: m, m,, ..., m,,

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

1
pl ( l) M

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

H. Aboushady University of Paris VI



Transmitter

Carrier wave

Message
source

Communication |___ > Detector
channel

Transmitter

 Signal Transmission Encoder: produces a vector s; made up of N

real elements, where N < M.
e Modulator: constructs a distinct signal s,(») representing m; of

duration 7.

e Energy of s,(») :

e 5.(2) Is real valued and transmitted every T seconds.

H. Aboushady

T
E =fsf(t) dt, i=12,.. M
0
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Examples of Transmitted signals: s 1)

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

Binary

data

e ASK:
Amplitude Shift Keying .

o PSK:
Phase Shift Keying

0

e FSK:
Frequency Shift Keying °

H. Aboushady

0

\AANS
VUV

\\
Y

(a)

{7

WA
VY L,

VA

Special case: Symbol Duration 7 = Bit Duration, 7,
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Communication Channel

Carrier wave
T -7 j"'__l |
i _ | | : Estimate
m; Signal % | 52} .. xted x | Signal ”

Message ——-+1' transmission =] Modulator = Communication —'—A Detector  p=—w-{ transmission
source ‘ encoder | channel | decoder | |

! | ) |

e J L e A

Transmitter Receiver

e Two Assumptions:
The channel is linear (no distortion).
e 5.(1) is perturbed by an Additive, zero-mean, stationnary,
White, Gaussian Noise process (AWGN).

e Received signal x() :

Transmitted Received
signal signal
s; (¢} + x(t}
=s+w@. | ==
X =S, + W(17), )
i=1,2,....M
White naise
wit)

H. Aboushady University of Paris VI



Receiver

Carrier wave

e -} -
! I ' _]s

: ) stimate
M m; | Sonel % | 5t o (x(el x | Signal S
essage ‘——-+1 transmission -]  Modulator +—-p7 Communication Detector .
S | | encoder I e decoder
l { .

L— —————————————— —j L‘ Ry T SR R S —j
Transmitter Receiver

«TASK: observe received signal, x(1), for a duration T and make a
best estimate of transmitted symbol, m; .
eDetector: produces observation vector x .
Signal Transmission Decoder: estimates m using x, the
modulation format and Pm) .

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

Pe = iP(’/h = mi)P(mi)

H. Aboushady University of Paris VI



Coherent and Non-Coherent Detection

Carrier wave

Message
source

Communication

channel

Transmitter

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.

H. Aboushady

Receiver
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Gram-Schmidt Orthogonalization Procedure

51 /)_(\

e we represent the given set of real-
valued energy signals s,(®), s,(), ...,
s,,(1), each of duration T:

i O<t=<T
Si(t)=2sij¢j(t) ’ { t

—

©

11¢)

32

s{t}

—)

. do(2) M
1 = 1, 2,..., M 5 Odulato
' r
e where the coefficients of the sy —={X)
expansion are defined by: \r
Puit)
T . .
i=12,....M =
S.. == S t . t dt ) ’ ’ ’ X I; di =S}
= [5060 {FL%N e
d1{¢)
e the real-valued basis functions ¢,(?), _u» J," @t s

(1), ..., P(¢) are orthonormal:

: o >
N
[roswa=i; e

[ # ] _‘?_“

H. Aboushady I is) University of Paris VI




Coherent Detection of Signals in Noise

¢ ®2

Noise
Received  Vector
signat point w

Qbservation
vector
X

Message
point
Signal vector
$;

0 $q

¢3 ¢3

 Signal Vector s; :

Sii O<t=<T
s= |72, i=12,,M H( =50 w0, {i =1,2,..,M
<
5, e w(t) is a sample function of
T an AWGN with power spectral
e Observation vector x : density N, /2.

x=s5+w , i=1,2,... M

where w is the noise vector.
H. Aboushady University of Paris VI



Coherent Binary PSK:

o M=2, N=1I 2F,

2FE,
OstsTb Sl(t)=

cos(27f 1) s, (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.

cos(2af t + 1)

e One basis function: ¢ (¢7) = \/g cosQaft) , O=st=<T,
b

» Signal constellation consists of Declsion
two message points:

1,

so=[sOp0d=E

Regiop
0 Zz Z,
T
b ~VE, JE;
"2 =f $(0) ¢ (1)dt =~ E, Mossage Me;j’%a .
0 point point

1

TS I .I_,._____
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Generation and Detection of Coherent Binary PSK

e Assuming white Gaussian Noise with | I3
PSD=N,2, P = —erfc t'3
The Bit Error Rate for coherent binary 2 N,
PSK is:
Binary PSK Transmitter
H Non-return- " Binary
e —>| owo >l T L Pk
sequence leve! encoder signal
Pq(t} = ‘/_-1-,,2; cas{27f,t)
- - fa)
Coherent Binary PSK Receiver
Correlator
S v A
1| T, :| X1 Decision Choose 1if x>0
x(t) {9?_‘ jo ¢ _:_)- device K Choose 1if x4y <0
' [
IS ] T

Threshold =0
H. Aboushady a ) University of Paris VI



Coherent QPSK:

* M=4, N=2:
Si(t)=<\/27ECOSIZJy[t+(21 1)%] , O0<¢t<T

0 , elsewhere

s,(2) = 27E cos(2 [t + )

s, () =\/?COS(2JTft+3 4)
) /2
s,(t) = \/;cos(Zyrft+5 4)

2E 7T
s,(1) = - cos(2m f t + 72)

e Two basis function: ¢ (t) = 2 cosr ft) , O0=t<T
T C

2 .
¢,(t)=,—=sm(2zx ft) , O=<st=<T
H. Aboushady T University of Paris VI



Constellation Diagram of Coherent QPSK System

$2 e Assuming AWGN with PSD=N,2,
. The Bit Error Rate for coherent QPSK is:
Dectsion
boundsary /
E
—eifc
Region Region
¥4 Z
! VEZ ¢
Message @~ — -~ =~ Q) Message
point m4 I | paint my o
(dibit 01} | . 'l (dibit 11) b%m:,';’r';
: 1
—~VET | ¢ IVER
1 I
| .
$———1——4 with E=2E,
Region Message Message Region
Z; point mo point » 4 Z, 1 E
{dibit DO) (dibit 10) p=_ elfc Ly
‘2 N,

H. Aboushady

Identical to BPSK
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Input
binary a 1
sequence

0

o

- e—

QPSK waveform: 01101000
Odd-numbered sequence 0

|
b
|
|
fa} |
|
.
Polarity of coefficient sy — | +

w0 AFNF NN

| © ¢+— O

| /\\At
! 4
| I |
| ) | I
| I :
| | v [ 4
| | |
Even-numbered sequence 1 I 0 I 0 I E
Polarity of coefficient 5 + I - : - |
| | |
/N ANV AY
w0 N NASNF TN AV
' I
{c)

/\ A AN N
wof /\\4\/\\/ AAVAVAVA)

University of Paris VI

: (d) '
H. Aboushady



Generation and Detection of Coherent QPSK Signals

ay(t)
QPSK Transmitter ?x

Binary Nonreturn ¢1(£|=~/—gml'hf,ﬂ +
data el 10-2€70 J6VE| [miie-d  Demuyltiplaxer QPSK
sequence ancader . signal
azls) —?
Coherent QPSK Receiver RO, Ja

Threshold =0

!

T Xy
-'.o de Daecision

&, ()
Recoived 1 (nphase channsl Output
$IGNY | m— Multiplexer i binary
x{t) sequence
T *2 | Decision I
_"Ci)_" L & ™1 device
0, (2)

H. Aboushady Threshold =0 University of Paris VI



Power Spectra of BPSK ,QPSK and M-ary PSK

e Symbol Duration:

 Power Spectral Density of
an M-ary PSK signal:

o
o

Normalized power spectral densty
N
o

0

I'=T log,M

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

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

M=8 SB(f) = 6Eb SinCZGEf)

m=a Sp(f)=4E, sinc’(2T, )
m=2 S;(f)=2E, sincz(Y},f)

0.5

H. Aboushady Normalized fraguency

1 -0
University of Paris VI
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QPSK Receiver

@ (1) = z cos(2 f.t) Threshold =0
T T l

T }/ Decision
——> —» 1 .
f dt Device

path I

011011

p| Binary Data

A\ 4
Multiplexer
antenna
path Q r Decision
f dt | Device
Y
P

Threshold =0

4(0) = %sin(zfrfcr)

01

»

Q4

QPSK Constellation Diagram
00

H. Aboushady
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Receiver Circuit Non-Idealities

H. Aboushady

Circuit Noise (Thermal, 1/f)
Gain Mismatch
Phase Mismatch
DC Offset
Frequency Offset

Local Oscillator phase noise

University of Paris VI



Circuit Noise

1.5

Circuit Noise: _

05 beeeennnn

* Thermal Noise . |
* Resistors . e
* Transistors A 28

 Flicker (1/f) Noise
« MOS transistors

-15 -1 -05 0 0.5 1 1.5

Y flicker noise
v
I

2

Af thermal noise

frequency

H. Aboushady University of Paris VI



Gain Mismatch

cos(2nf.t)
A(1+0/2)
R :: I
I(t)cos(2nf t)+Q(t)sin(2nft) —s
" : Q
A(1-0/2)
sin(2nfct)
Q
4+—
1
0.5 / 4 \
I
0
-0.5
_1 \ /
-1.5
-2
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
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Phase Mismatch

cos(2nf.t+¢/2)

I(t)cos(2nf.t)+Q(t)sin(2nft) —s

Sin(2nft—0/2) Q

J/

: I
05 /

-1 \
-1.5

-2-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
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DC Offset

I(t)cos(2nf t)+Q(t)sin(2nf t) —

H. Aboushady

cos(2nf.t)

offset

P

sin(2nf.t)

offse

2

1.5

-1.5

-0.5

0

0.5 1 1.5 2
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Frequency Offset

I(t)cos(2rf t)+Q(t)sin(2nft) ——

H. Aboushady

cos[2n(f +Afi]

sin[2r(f +ANt]

1.5

0.5

-0.5

-1.5

-1.5

0.5 1 1.5 2
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Local Oscillator Phase Noise

1.5

cos[2nf t+d(t)]

0.5 Looerroeeebn oo

I(t)cos(2nf.t)+Q(t)sin(2nf t) —s

o idedl :
< close-in phase noise
1 1

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

interferer
A

desired —>®—>
T >

f.  f4Af f

o ideal: :
« reciprocal mixing
1 1
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