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Appendix C
Demodulation Process

C.1 Signal Model

Carrying over Eq. (5.1-1) from Chapter 5 with some simplification, and
assuming the signal has been digitally sampled, the received signal from a
deep-space spacecraft can be modeled as

s P d Sqr n

P P d Sqr n

j cj j scj j

c cj d j scj cj j

=  2

2 2

sin ( )

sin ( )cos

θ θ

θ θ θ

+[ ] +

= + +

∆
(C-1)

where sj is the sample at time tj. The carrier and data powers, denoted Pc  and

Pd , are given by P cos2 ∆  and Psin2 ∆ , respectively, and P  is the total
received signal power, ∆  is the modulation index, θ ω θcj c j ct= +  is the total

carrier phase at sample time t j , nj  is the sampled form of an additive

bandlimited white Gaussian noise process, dj is the sampled form of the NRZ or
Manchester data with a symbol time of Ts , and Sqr()  designates the sin square-
wave subcarrier with total phase θ ω θscj sc j sct= + . Here the first component,

the residual carrier, typically is tracked by a phase-locked loop, and the second
component, the suppressed carrier, can be tracked by a Costas loop. T h e
narrowband noise nj can be written as

n n nj cj cj sj cj= −2 2cos sinθ θ (C-2)

where ncj  and nsj  are sampled versions of the statistically independent,

stationary, bandlimited white Gaussian noise processes with one-sided spectral



134 Appendix C

density level N0  (W/Hz) and one-sided bandwidth B  (Hz) that is large
compared to 1 / Ts . The demodulation process requires carrier, subcarrier, and
symbol synchronization. The following sections treat each of these
subprocesses in order.

C.2 Carrier Demodulation

The reference signal for demodulating the carrier consists of an in-phase
component (I) as well as a quadrature-phase component (Q). The Q-component
is used to provide a tracking signal, while the I-component is used to obtain the
actual data signal of interest. Thus, for the rest of this discussion, we will deal
only with the I-component. The I-component reference signal is

rcj cj= 



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∧
2 cos θ (C-3)

where 
∧
θ cj  is the carrier-reference phase. Multiplying Eq. (C-1) by this

reference signal yields

′ = + + ′s P P d Sqr C nj c cj d j scj cj j jsin ( )φ θ (C-4)

where the first term is due to any residual carrier and drops out as the carrier
loop achieves lock. The second term is the data modulated onto the subcarrier,

while the third term is the noise. The residual-carrier phase is φ θ θcj cj cj= −
∧

and Ccj cj= cosφ .

C.3 Subcarrier Demodulation

The reference signal for subcarrier demodulation, like the carrier, also has
in-phase and quadrature-phase components:

r
Sqr

Cqr
scj

scj

scj

=





















∧

∧

θ

θ
(C-5)

where 
∧
θ scj  is the subcarrier-reference phase and Cqr() designates the cosine

subcarrier square wave. Multiplying Eq. (C-4) by this reference signal yields a
result containing the two terms:
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where φ θ θscj scj scj= −
∧

, φ πscj scW< ( )2 , and Wsc  is the window in the

subcarrier loop. The second term of Eq. (C-6) is the quadrature component, and
it drops out as the subcarrier loop achieves lock. The in-phase component of the
signal then becomes

′′ = + ′′s P d C C nj d j cj scj j (C-7)

C.4 Symbol Demodulation

The symbol modulation, dj , is characterized by
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where dk = ±1 are the binary data , and p(t) is the square-wave function that
has a value of 1 for 0 ≤ <t Tj s  and a zero value elsewhere. The final output of

the receiver, vk , is then achieved by summing samples over the length of one
symbol time, Ts  , to get
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where λ θ θ π φ πsyk syk sck syk= − =
∧

( ) / /2 2  is the delay offset due to the symbol

phase error. The symbol portion of the summation collapses to

d p t T d dj j s
j k syk

k Ts syk

syk k syk k( )− = −( ) = −





= +

+ +

∑
λ

λ

λ
π

φ1 1
1

2
(C-10)

Setting Csyk syk= −( )1 1 2[ / ] | |π φ , the final receiver output reduces to

v P C C C d nk d ck sck syk k k= + (C-11)
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In practice, the time variation represented by k in the three reduction
functions, Cck , Csck , and Csyk , is small.
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