chapter 1: introduction
General model
Analog model
digital model
Advantages of digital communication:
1) High anti-interference ability and a decision-making re-
ceiver at the receiver. 2) Error correcting techniques, such
as error-correcting coding, can be used. 3) The digital en-
cryption can be used. Therefore, the security of the system
is greatly improved. 4) Digital communication equipment:
Design and manufacture are easier. Performance index: Ef-
ficiency and Reliability.
For analog: effective transmission bandwidth (lower is bet-
ter), SNR (higher is better).

R
For digital: Transmission rate / Band utilization n = gB,
symbol/bit error rate. Rp: symbol rate, unit: Baud,
1
Rp = —.
B .

Ry: information rate, unit: bps, Ry, = Rp x H. P. (symbol
received symbols in error

error rate) =
) total symbols

received bits in error
P, (bit error rate) = otal bit
otal bits

Binary: P, = P.. M-ary: P, < P..
chapter 2: random process
1) mean

+oo
Bla) = [ ofilwt)do=alt
2) variance

D{x(t)} = E(=(t) - a(1))’]
D{x(t)} = El2*(t)] — a*(1)
3) Auto correlation function
R(ty, t2) = E{a(t)(tz)}
R(t1,t2) = /+°° /+°° z122 f2(21, 2, t1, t2) do1dzs

R(tl,tg) = R(tl,tl +7')

4) Auto covariance function

T =1ty — 11,

B(t1,t2) = El(x(t1) — a(t1))(2(t2) — a(t2))]

+oo +oo
B(thtg) = [ L (Il — a(t1>)(1‘2 — a(tg))fg dIldQSQ

B(tl,tg) = R(tl,tg) — a(tl)a(tg)

5) cross correlation function

Ray(t1,t2) = E{x(t1)y(t2)}

6) cross covariance function

Buay(t1,t2) = El(2(t1) — ax(t1))(y(t2) — ay(t2))]

stationary random process (wide-sense-stationary, WSS).
properties: 1) mean is a constant; 2) auto correlation func-
tion depends only on the time interval 7.

ergodicity proof: 1) judge whether stationary (using statis-
tical average); 2) compute time average; 3) compare them.
The auto correlation function of WSS.

(1) R(0) = E[¢%(t)] = S — average power

(2) R(c0) = E?[£(t)] = a®> — DC power

(3) R(0) — R(00) = 02 — AC power (variance)

(4) R(1) = R(—7) — even function

(5) |R(1)| < R(0) — upper bound

Power spectral density (PSD): P(f) = limr_,e0 % |S7(f)[?
Average power:

P:/ P(f)dszIer;o%/ ST (f)|? df

—00 — 00

Autocorrelation and PSD:Fourier transform relationship:

P(f) :/Oo R(r)e *Tdr,  R(r) :/oo P(f)e?2mI7 af

— 00 — 00

Stationary random process through LTI system:

1) Mean (constant): if input mean is a, E{y(t)} = a H(0).
2) ACF: Ry(tl,tl + T) = Ry(T)
3) PSD: P, (f) = [H(F)P P, (f),
Narrowband random process
Representation 1: z(t) = a¢(t) cosjwet + pe(t)], ag(t) >0
ag(t): random envelope, g¢(t): random phase. Represen-
tation 2: z(t) = &.(t) cosw.t — &5 () sinw,t

&:(t): in-phase component, &s(t): quadrature component.
Relationship: ag(t) = \/&2(t) + &2(1),

¢s(t) = arctan(&,(t)/&.(t)). Properties for stationary Gaus-
sian narrowband process

Assume E{£(t)} =0, D{&(t)} = o2, Then

E{&(t)} = E{()} =0, D{&(t)} = D{&(t)} :023
&(t) and &s(t) are uncorrelated. R.s(0) = 0 Envelope
and phase statistics Joint pdf of in-phase and quadrature:

2
_ G %
f(af’ <p5) B 27r0? expl 2051 '

P,(f) «— Ry(7)

2
Envelope(Rayleigh): f(a¢) = % exp <— 2(;2) , a>0.

0< ¢ <27

sinusoid is added to the narrowband Gaussian noise, the en-
velope Z(t) is Rician distributed.

r(t) = Acos(wet + 0) + n(t) = z.(t) coswet + z5(t) sinw.t =
z(t) cos|wet + (t)]

Gaussian white noise

Power spectral density (PSD):

1
Phase(uniform): fipe) = o
7r

—o00 < f < 400

Autocorrelation function (ACF): R, (1) = % 6(7)
Low-pass white noise

PSD: n
0
~ ‘f| S fH7
Po(f) =1 2 ,
0, otherwise,
_ sin(2w fyT)
Rn(T) - nOfH 2’/TfHT
Band-pass white noise
PSD:
no B B
i _ < < it
Pn(f): 27 fC 2—|f|—fC+2’
0, otherwise,
ACF: (B
R, (1) =noB sin(rBr) cos(2m f.7)

Noise power in the band: N = nygB Channel capacity: max-
imum average information rate for error—free transmission.
1)Nyquist theorem

C =2Blog, M (bits/s).

2) Shannon capacity (AWGN channel, error—{ree)

C = Blog, (1 + Ji) (bits/s),

Ny the one-sided noise power spectral density.

00, N0 = C —=00;B—=+00 = C’—>1.44Ni0.
Modulation theorem: f(t)coswet <= [F(w — w.) +

F(w+we)].

AM: Time domain: sap(t) = [Ao + m(t)] cosw,t

standard form: sap(t) = Ac[l + kam(t)] coswet

kq: amplitude sensitivity

S —



Frequency domain: Sap(w) = mAp[d(w — we) + d(w +
we) + 3 [M(w — we) + M(w + we)].
Envelope—detection condition: |[m(t)|max < Ao-
bandwidth: Bap = 2y,

Modulation index
Define M = |m(t)|max/Ao-
For single-tone modulation m(t) = A, cosw,t we have
m2(t) = A2, /2 and nay = M?/(2 + M?), which is maxi-
mized when M is near 1.

DSB-SC
Time domain: spsp(t) = m(t) cosw,t.
Spectrum: Spsp(w) = §[M(w — we) + M(w + we)].
Bandwidth: BDSB = 2fm~
The power efficiency of DSB is 100%.

SSB
Concept: start from DSB and suppress one sideband.
Filtering method: pass spsp(t) through a band—pass filter
Hgsp(w) that keeps only USB or LSB.
Ideal USB filter: Hysp(w) = 1 for |w| > w. and 0 for
|w] < w. (around the lower sideband); ideal LSB filter is
complementary.
Phase—shifting (phasing) method for a general message m(t)
uses its Hilbert transform 1 (t): sysp(t) = 3 [m(t) cosw.t —
m(t)sinwet] and spsp(t) = 3 [m(t) coswet + m(t) sinwet].
The frequency response

Hilbert—transform filter has
Hyr(w) = —j sgn(w).
SSB bandwidth: Bssp = fm, (half that of DSB).

VSB (vestigial-sideband) modulation
Start from SSB and keep a vestige of the other sideband:
bandwidth satisfies f,,, < Bysp < 2fm.
Typical application: video transmission (TV).
If Sysp(w) = Spsp(w)H(w), then after synchronous de-
modulation the baseband response is proportional to H (w +
we) + H(w —w,.); for distortionless detection this sum should
be approximately constant for |w| < wp,.

AM envelope detection: model
Signal at BPF output: s,,(t) = [Ag + m(t)] cosw.t, average
power S; = s2,(t) = 2 A3 + 1P,,.
Noise at BPF output: n;(t) = n.(t) cosw.t —
power N; = ngB.
Input to the envelope detector: Sm(t) + ni(t) =

ns(t) sinwet,

x(t) =

[Ag+m(t)+n.(t)] coswet—ng(t) sinw.t = E(t) cos|wt+p(t)],
where E(t) = +/[Ao+m(t) + n.(t)]> + n2(t) and (t) =
arctan(n(t)/[Ao + m(t) + ne(t)]).

Large SNR case ([Ao+m(t)] > /n2(t) + n2(t)): E(t) =
Ao+m(t)+n.(t), so the output signal power is S, = m?2(t) =
P,,, the output noise power is N, = noB, and the AM modu-
lation gain is Gay = (So/N,)/(Si/Ni) = 2P, /(A3 + P,,) <
1 (since [m(t)|max < Ao; for A% =~ 2P, we get Gan ~ 2/3).

Small SNR case (envelope detector)

Condition: [Ag + m(t)] < /n2(t) + n2(t).

Let R(t) = \/n2(t) + n2(t) and cos(t) = ne(t)

R(t)"

Then the envelope is E(t) = R(t) + [Ao + mgtgi cos 6(t).
The relation between output SNR and input SNR exhibits
a threshold effect: Below a certain carrier—to—noise ratio
(threshold), the SNR of a nonlinear envelope detector dete-
riorates rapidly; A coherent detector has no such threshold.

Coherent detection in DSB spgp(t) = m(t) cos(w.t)
Modulation gain in DSB: Input noise: N; = ngB, Input sig-
nal: S; = s2,(t) = le, Output noise: N, = 1Bno, Output
signal: S, =m2(t) = 1Pm, Bandwidth: B = 2f,,;Gain:

SNR
Gpsp = ((SNR% =2

Angle modulation (PM / FM)

General form: s(t) = A cos|w.t + ¢(t)],

PM: ¢(t) = kpym(t), where k, is phase sensitivity (rad/V).
FM: dL(t)

(rad/s/V).
PM signal: spps(t) =

= kym(t), where k; is frequency sensitivity

Acoslw.t + k m( )]
FM signal: spar(t) = Acos [wet + ky fo (T)dr].
The instantaneous frequency is f(t) = f.+Af cos(2m X f,t),
the angular frequency is w(t) = 27nf(t), the total phase
is 0(t) = ftoo (1)dr, and the FM signal expression is
SrMm(t) = Acos(t).

If only s(t) is known and m(t) is unknown, one cannot
distinguish PM from FM.

Single-tone modulation m(t) = Ay, coswmt
PM: p(t) = kpA, coswy,t, modulation index m, = kyA,,
80 spa(t) = Acoslwet + my coswpt].
FM: do(t)/dt = iy Am

m

ky Ay, coswnt gives p(t) = sin wy,t =

kfAm _ Af
Wm, fm
deviation), so spar(t) = Acos[wct + my sinwp,t].
Narrowband FM (NBFM)
Acoslwet + kg [i m(r)dr].

my sinwy,t, with my = (FM index, Af peak

FM signal: spa(t) =

If ky fo |m(T)|dr < 1 (small phase dev1ation), then
SNBFM( ) ACOSchthkf fO dT smwpt
Ak w + we
Snprum(w) & wA[&(w—wc)+5(w+wc)]+72f [75} —&—w;) -
M(w — wc)]
W—we

Wideband FM (WBFM), single-tone
With m(t) = Ay, coswpt, sFM( )= Acos[wct + m sin wp, t]
can be expanded as spa(t) = AY o2 Jn(my) cos[(we +
nwm )t], so the spectrum has a carrier plus infinite sidebands
at we + nwy,.
Carson rule for approximate FM bandwidth: Bpy =

2(my + 1) fm = 2(Af + fm). Total FM power: Ppy =
2
shar(t) = >
FM demodulation (slope / discriminator)
Differentiator— type discriminator: input spp(t) =

Acoslwet + ky fo 7)d],

sq(t) = %SFM(t) = —A[wc—i—kfm(t)] sinwet+ks fo 7)dr].
After a band—pass filter and envelope detection, amphtude is
x we + km(t); subtracting the DC term and low—pass filter-
ing yields m,(t) = kqkym(t), where kq is the discriminator
gain.

FM demodulators can be noncoherent (discriminator, for
NBFM and WBFM) or coherent (for NBFM).

Anti-noise performance of FM
Model: sppr(t) +n(t) — BPF — limiter — discriminator —
LPF.
High SNR: FM SNR gain Gpy = Sm% (my + 1) with
Bpy =2(my+1) fr, = 2(Af + fm), so wideband FM (large
my) has strong anti-noise capability at the expense of band-
width.
Low SNR: a threshold effect

FM is also widely used in frequency—division multiplex-
ing and frequency shifting.

output after differentiation:



