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A fast acquisition algorithm for the Galileo suppressed carrier, subcarrier, and
data symbol signals under low data rate, low signal-to-noise ratio (SNR) and
high carrier phase-noise conditions has been developed. The algorithm employs
a two-arm fast Fourier transform (FFT) method utilizing both the in-phase and
quadrature-phase channels of the carrier. The use of both channels results in an
improved SNR in the FF'T acquisition, enabling the use of a shorter FF'T period
over which the carrier instability is expected to be less significant. The use of a
two-arm FF'T also enables subcarrier and symbol acquisition before carrier acquisi-
tion. With the subcarrier and symbol loops locked first, the carrier can be acquired
from an even shorter FF'T period. Two-arm tracking loops are employed to lock the
subcarrier and symbol loops with the carrier loop open. In addition, a new method
is introduced for loop parameter modification to achieve the final (high) loop SNR
in the shortest time possible. The fast acquisition algorithm is implemented in
the Block V Receiver (BVR). This article describes the complete algorithm design,
the extensive computer simulation work done for verification of the design and the
analysis, implementation issues in the BVR, and the acquisition times of the al-
gorithm. In the expected case of the Galileo spacecraft at Jupiter orbit insertion,
Pp /N, = 14.6 dB-Hz, Ryym = 16 symbols per sec, and the predicted acquisition
time of the algorithm (to attain a 0.2-dB degradation from each loop to the output
symbol SNR) is 38 sec.

[. Introduction

Due to the Galileo high-gain antenna failure, the spacecraft will be transmitting very low data-rate
signals with very low signal-to-noise ratios (SNRs). For a significant portion of the mission, including
the time of the Jupiter orbit insertion (JOI), the S-band (2.3-GHz) carrier signal will have high phase
instability due to solar plasma process noise. Under these conditions, fast acquisition is extremely im-
portant both to minimize data loss and because slower acquisition methods fail when the phase is not
stable over the (long) acquisition time. An additional complication to the acquisition process is that, for
the first time for the Deep Space Network, the received signal modulation type will be a fully suppressed
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carrier with a fully suppressed subcarrier, which requires new algorithms. A fast acquisition algorithm
for Galileo suppressed carrier, subcarrier, and data symbol signals under low data rate, low SNR, and
high carrier phase-noise conditions has been developed. The algorithm is implemented in the Block V
Receiver (BVR) [1] and is under consideration for implementation in the buffered telemetry demodulator
(BTD). This article describes the complete algorithm design. Details of the various algorithms are given
in the referenced internal memoranda and will be published in future issues of this report.

A. The Approach

The approach of the fast acquisition algorithm is to implement nonlinear detection algorithms to
generate signals with sinusoidal components related to the subcarrier, symbol, and suppressed carrier
signals, and then to estimate the signal frequencies and phases from the signals via fast Fourier transform
(FFT) methods. This part of the fast acquisition algorithm will be referred to as the FFT acquisition.
The corresponding tracking loops are then closed with initial frequencies and phases set to the FFT-
estimated values. Each tracking loop is closed with a minimal initial loop SNR, and the final (high)
loop SNR, necessary for negligible output-symbol SNR loss, is achieved by gradually narrowing the loop
bandwidth (and transition window width if applicable) to final values resulting in the low SNR loss. (The
transition window in the subcarrier and symbol loops is the window region about the data transition
that is integrated [2]. The window has a value in the range (0,1]. Windowing is implemented for noise
reduction whenever square signals are tracked. Hence, windowing is used for subcarrier and symbol
tracking, but not for carrier tracking.) This part will be referred to as the loop acquisition. Therefore,
the fast acquisition algorithm can be described as a composition of two parts: the FFT acquisition and
the loop acquisition.

Multiple novel enhancement methods were incorporated into the fast acquisition algorithm design to
acquire the subcarrier, symbol, and suppressed carrier in a much shorter acquisition time than if using the
existing methods. In the FFT acquisition, a novel combination of the carrier and subcarrier in-phase (I)
and quadrature-phase (Q) demodulated signals is utilized. This approach reduces the number of symbols
required for the FFT at the required SNR by a factor of two. The new signals are a combination of all
four I1, 1Q, QI, and QQ, where the II, IQ, QI, and QQ are the I and Q carrier and subcarrier demodulated
signals as shown in Fig. 1, instead of the traditional combination of only two signals. Using a complex
FFT results in a single-tone, sign-correct frequency estimate. Therefore, further testing for the polarity of
the frequency estimate is eliminated. In frequency estimation from the FFT, a sinc interpolation method
(Appendix) is used that results in refined estimates of the frequency and phase.

In loop acquisition, a new approach to the entire loop acquisition process, from choosing the initial
bandwidth and window values through narrowing these parameters at the fast rate, is introduced. Also,
due to the design to initialize both the phase and frequency of the tracking loops with refined (FFT)
estimates, the loops start out essentially in lock immediately after closure. An additional advantage of the
loop starting in lock is that the bandwidth and window narrowing process can be activated immediately
after loop closure.

A new approach to suppressed carrier acquisition is employed when the carrier phase noise is high.
In this case, the subcarrier and symbol are acquired first with the carrier loop open, which can be done
because the subcarrier and symbol signals have lower phase noise due to the lower frequencies relative
to the carrier. This approach of first acquiring the subcarrier and symbol is taken because, when the
subcarrier tracking loop (SCL) and symbol synchronization loop (SSL) are locked, the SNR loss in the
carrier acquisition FFT is significantly reduced, resulting in a shorter acquisition FFT time requirement
during which the effects of high carrier phase noise are expected to be less significant.

Two-arm SCL and SSL have been introduced for tracking the subcarrier and symbol with the carrier

loop open. The two-arm loops (which use both the carrier T and Q arms) provide a 3-dB gain over the
traditional one-arm loops in the low SNR case (to be reported on in a future article of this report). When
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the carrier loop is closed, only additional noise is introduced by the use of the second arm; therefore, the
conventional one-arm SCL and SSL are used.
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Fig. 1. FFT-acquisition setup for the fast acquisition algorithm in the BVR.

B. Outline

In Section II, the fast acquisition algorithm process is described. In Section III, the FFT acquisition
algorithm is described. The loop acquisition is described in Section IV. In Section V, the issues for
implementing the algorithm in the Block V Receiver are discussed. Results of computer simulations are
presented in Section VI. Finally, in Section VII, the acquisition times of the algorithm are presented.

lI. Algorithm Flowchart

The flows of the algorithm are shown in Figs. 2 and 3 for two cases: when the carrier phase noise is
high and when it is low, respectively.
A. Algorithm Flowchart When Carrier Phase Noise Is High

For a significant portion of its mission, the Galileo spacecraft is expected to have high carrier phase
noise (e.g., the carrier phase and frequency can be moved significantly during the initial acquisition FF'T
time due to solar plasma). In this case, the subcarrier and symbol, which are relatively more stable due
to lower frequencies relative to the carrier, are acquired first. By doing so, losses to the carrier acquisition
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signal due to the subcarrier and symbol are reduced. One source of loss is from the fact that, before
subcarrier acquisition, only the first harmonic of the subcarrier signal is captured for the FFT acquisition,
compared to after subcarrier acquisition when all the harmonics are captured. Additional losses arise from
the subcarrier and symbol phase errors. After reduction of the subcarrier and symbol losses, the SNR
in the carrier acquisition is enhanced. As a result, a shorter acquisition time is required for the carrier
acquisition FFT, during which the effects of the carrier dynamics are expected to be less significant.

For this case, the flowchart of the acquisition algorithm is shown in Fig. 2. Step (1) will be to FFT-
acquire the subcarrier. The subcarrier is acquired using Ngcqcq FFTs with Ng¢ g0 different, equally
spaced symbol phase offsets. We use Ny¢ qcq symbol phase offsets so that losses due to symbol phase
error are minimized if the error in predicted symbol rate is small (Section III.A). In step (2), subcarrier
acquisition is verified (see Section IIL.D). If the subcarrier was not acquired, a larger FFT size will be
determined in step (9), and the acquisition process restarts from step (1).

After subcarrier FFT acquisition, a decision is made if the symbol rate is known accurately. For
automating this decision, a method utilizing the relationship between the amplitudes of the Ny aeq
subcarrier acquisition FFTs is currently under development. If the symbol rate is known, symbol phase
is estimated via interpolation of the subcarrier acquisition FFTs [step (4)]. If the symbol rate is not
known, the symbol frequency and phase are estimated via an FFT approach [step (11)]. For the symbol
acquisition FFT, the data stored from the subcarrier FFT acquisition are reused after refitting the stored
data with the FFT-estimated subcarrier phase error. If a longer data set is required for symbol acquisition,
the stored data set will be complemented with consecutively collected new data. By mainly using the
stored data, little or no additional time is required for data collection [step (10)].

After estimation of the subcarrier and symbol frequency and phase via the FFT acquisition, the SCL
and the SSL are initialized with the FFT-estimated frequencies and phases and closed. The bandwidth
and window narrowing process is started immediately [steps (5) and (6)]. Note that the initial phase used
to start the loop is the phase estimated for time ¢ = t. j00p, the time at which the loop is closed. The
subcarrier loop is closed with a square subcarrier reference; hence, all harmonics of the square wave are
used after this point. Because the subcarrier and symbol are tracked while the carrier is open, two-arm
SCL and SSL are used, which provide a 3-dB gain over the one-arm loops in the low SNR case.

Next, the carrier is FFT acquired [step (7)]. New data can be collected for this step immediately after
the subcarrier and symbol loops are closed, as these loops are then assumed to be in lock. Finally, when
the carrier is FFT-acquired successfully, the carrier tracking loop will be initiated with the estimated
frequency and phase and closed, and the bandwidth narrowing process will be started immediately [step

(8)]-

B. Algorithm Flowchart When the Carrier Phase Noise Is Low

The flowchart of the acquisition algorithm when the carrier phase noise is relatively low, e.g., when the
Sun-Earth-probe (SEP) angle is large, is shown in Fig. 3. In this case, the carrier frequency and phase
are expected to be stable for the duration of the longer initial FFT time. (Recall that a long FFT time is
required without the subcarrier and symbol lock, i.e., with the losses from using only the first harmonic
of the subcarrier and from the subcarrier and symbol phase errors.) Then, the carrier and the subcarrier
can be acquired simultaneously [step (1)]. (The acquisition signals for the carrier and the subcarrier are
formed from analogous combinations of the same set of II, IQ, QI, and QQ and have the same detection
statistics.) The rest of the flowchart is analogous to that for the case of a high carrier phase noise. Note
that in step (9) both the carrier and subcarrier errors estimated from FFT acquisitions are refitted to the
stored data from step (1).

86



)

@

©)

4)

®)

(6)

@)

®)

SUBCARRIER

FFT ACQUISITION i

'

SUBCARRIER

NO

9)

Y

DETECTED
2

DETERMINE A
LARGER FFT

SIZE

IS

SYMBOL RATE

KNOWN
?

NO

REFIT SUBCARRIER PHASE AND FREQUENCY
ERROR ESTIMATES (FROM (1)) TO STORED
VALUES (AND NEW VALUES IF NECESSARY)

OF II, 1Q, QI, QQ

+ YES

SYMBOL PHASE ESTIMATION
VIA INTERPOLATION OF

SUBCARRIER ACQUISITION FFT'S

Y

SYMBOL FFT

—
-

Y

> CLOSE SUBCARRIER LOOP

WITH FFT-ESTIMATED PHASE AND FREQUENCY
> START BANDWIDTH AND WINDOW NARROWING

'

> CLOSE SYMBOL LOOP

WITH FFT-ESTIMATED PHASE AND FREQUENCY
> START BANDWIDTH AND WINDOW NARROWING

'

SUPPRESSED
CARRIER -t

FFT ACQUISITION

SUP-
PRESSED

NO

CARRIER
DETECTED
?

YES

> CLOSE SUPPRESSED CARRIER LOOP

WITH FFT-ESTIMATED PHASE AND FREQUENCY
> START BANDWIDTH NARROWING

ACQUISITION

Fig. 2. Algorithm flowchart when the carrier phase noise is high.

(10)

(11)

87



@

(@)

(©)

4)

®)

(6)

@)

SIMULTANEOUS SUPPRESSED
CARRIER AND SUBCARRIER
FFT ACQUISITION

A

SUB-
CARRIER AND

®)

?

NO DETERMINE A
SUPPRESSED »  LARGER FFT
CARRIER
SIZE
DETECTED

IS
SYMBOL RATE

KNOWN
?

NO

REFIT SUBCARRIER AND CARRIER PHASE
AND FREQUENCY ERROR ESTIMATES (FROM
(1)) TO STORED VALUES (AND NEW VALUES
IF NECESSARY) OF I, 1Q, QI, QQ

+ YES

SYMBOL PHASE ESTIMATION
VIA INTERPOLATION OF

SUBCARRIER ACQUISITION FFT'S Y

SYMBOL FFT

—
-

Y

ACQUISITION

> CLOSE SUBCARRIER LOOP

WITH FFT-ESTIMATED PHASE AND FREQUENCY
> START BANDWIDTH AND WINDOW NARROWING

'

> CLOSE SYMBOL LOOP

WITH FFT-ESTIMATED PHASE AND FREQUENCY
> START BANDWIDTH AND WINDOW NARROWING

Y

> CLOSE SUPPRESSED CARRIER LOOP
WITH FFT-ESTIMATED PHASE AND FREQUENCY
> START BANDWIDTH NARROWING

Fig. 3. Algorithm flowchart when the carrier phase noise is low.

lll. FFT Acquisition

In this section, the FFT acquisition component of the fast acquisition algorithm is discussed. The
setup of the receiver for the FFT acquisition is shown in Fig. 1. The input signal is modeled to be
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where

we = 2w f. = carrier frequency

0. = carrier phase

A = 90 deg (modulation index for suppressed carrier)
d(t) = data symbol of rate Ry, symbols per sec
Wse = 27 fs. = subcarrier frequency
0
(

= subcarrier phase

)
(¢

nin(t) = input noise, modeled as white Gaussian noise in analysis
T, = sampling period of the signal

m = sample index corresponding to a sampling period of T sec

The I(-) and Q(-) signals are defined as

I(m) £ r(m)cos (@emTs + 6.) |Lpr

Q(m) = r(m)sin (OemTs + 9;) lLpF
where |, pr indicates low-pass filtering, and

27 fc = predicted carrier frequency used in the carrier numerically controlled oscillator

(NCO)

€
o
Il

0. = predicted carrier phase used in the carrier NCO

The II, 1Q, QI, and QQ signals are defined as

II(k) £ I(m)sin (@semTs 4 0se) |1DF

sym

= AD(k)sin (¢e,c(k)) cos (de,sc(k)) + Nir(k) (2)
1Q(k) = I(m) cos (&semTs + 0se) |1pF,

= AD(k)sin (¢e,c(k)) sin (¢e,sc(k)) + Nig(k) (3)
QI(k) £ Q(m)sin (@semTs +bsc) |1prE,

AD(k) cos (¢e,c(k)) cos (¢e sc(k)) + Noi(k) (4)
QQ(k) = Q(m) cos (&semTy + 0c) |1pF.,

AD(k) cos (ge.c(k)) sin (e se(k)) + Nog(k) ()

where |7pF,,,, indicates integration over the estimated symbol period Tsym; k is the sample index corre-
sponding to the kth overlapped integration period as shown for Ny qcq = 4 in Fig. 4(a), and
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Wse = 27rfsc = predicted subcarrier frequency used in the SCL NCO
050 = predicted subcarrier phase used in the SCL NCO
= carrier demodulation error

= subcarrier demodulation error

A= —\/ﬁ/ﬂ'

D(k) = the data symbol integrated over the estimated symbol period

Note that to avoid significant degradation due to integration of the signals over the estimated symbol
period, Tsym (in the IDFj,,, in Fig. 1), the subcarrier and carrier frequency predict errors are required
to be much less than the symbol rate. A rule of thumb is to require Afeqrr—or—se < (Rsym/20) Hz, where
A fearr—or—sc 18 the maximum carrier or suppressed carrier frequency error. Note also that only the first
harmonic of the square subcarrier is retained in the I's and Q’s.

The first letters in II, 1Q, QI, and QQ indicate the in-phase (I) or quadrature-phase (Q) carrier
demodulation, and the second letters indicate the I or Q subcarrier demodulation in the receiver. The
definition of the I and Q demodulation (whether cosine or sine for I or Q) is arbitrary. A different
definition of the I's and Q’s leads to a different combination of the I’s and Q’s in forming the acquisition
signals. However, if from end to end the signal definition of the I'’s and Q’s and the combinations of the
I’s and the Q’s are consistent, and if the FFT estimated phase and frequency are applied to the loops
with the correct polarization, the final FFT-acquisition result will be the same.

The II(k), IQ(k), QI(k), and QQ(k) are generated for N q¢q overlapping, shifted integration periods
of T, sym sec. The number of overlapped integrations per symbol, Ny 4cq, is an arbitrary integer value
greater than or equal to 4. In the Block V Receiver, the minimum required value of Ny qcq = 4 Will be
used. Hence, in the remainder of the article, Ny¢ 4cq = 4 is assumed. For this case, the overlapped symbol
integration periods are shown in Fig. 4(a).

The subcarrier, symbol, and suppressed carrier are FFT acquired (as shown in Fig. 1) using the four
I's and Q’s. The subcarrier, symbol, and suppressed carrier acquisition signals, Xsc(-), Xsym(-), and
Xearr (), are formed from combinations of I1(-), IQ(:), QI(-), and QQ(-). From each acquisition signal,
a power spectral density (PSD) is formed as the magnitude square of the complex FFT of the signal, and
the peak bin with PSD value above the detection threshold and bin location within the range of frequency
search is detected (Section III.D). From the peak bin and two bins about it, the frequency and phase
(at ¢ = 0) of the tone, fFFT and (Z)FFT are estimated using a sinc interpolation method (Appendix).
Combining FFT-estimated fFFT and (;BF rr and predicted f and é, refined estimates of the subcarrier,
symbol, and suppressed carrier are obtained.

In this section, for the I and Q demodulation setup of the BVR shown in Fig. 1, the acquisition signals
are defined for the subcarrier, symbol, and suppressed carrier. For each FFT acquisition, the SNR in the
acquisition FFT, SNRppr, defined as,

tone power B E
SNRppr = —————— = Nyata~> = Naata~o St (6)
notse power N, N,

is presented. (Note that SNRppr can be defined as Ngqt, times an equivalent symbol SNR, E*/N,,
which is the symbol SNR times a signal degradation factor, S, in the acquisition signal.) Also for each
case, the variances of the FFT-estimated frequency and phase are given. Finally, the determination of
FFT parameters in the FFT acquisition is discussed.
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A. Subcarrier FFT Acquisition

Subcarrier acquisition is performed in step (1) of Figs. 2 and 3. At this point of the acquisition, the
symbol frequency is assumed to be known, but the symbol phase is unknown. (Note that if AR,,,,, the
error in the predicted symbol rate, is not negligible, the SNR of the acquisition FFT will be degraded,
resulting in either the subcarrier being detected with a weaker SNR, or not being detected in the first
FFT.) For the case in which AR, is negligible, the integration of II, IQ, QI, and QQ over the estimated
symbol period will have a constant symbol phase error, A (in cycles), during the FFT and contribute a
loss Di in SNRFFTI

14— 2] ™)

N —

2
hy
where D_?\ is the expected symbol phase-error loss averaged over symbol probability.

To minimize the loss due to D?\, the subcarrier acquisition signals will be formed for four (Nsc,acq)
symbol phase offsets, 1/4 cycle apart as X0, Xsc1, Xsc,2, and Xge 3. The SNRppr’s of Xseo, Xsca,
X2, and X3 will be proportional to DY , D3 , D3, , and D5, respectively, where \; (i =0, 1, 2, 3) is
the phase error between the actual input symbol epoch and the ith integration interval. The four symbol
offset integration intervals and the \;’s are shown in Figs. 4(a) and (b). Loss due to D% is minimized in
the subcarrier acquisition by estimating the subcarrier and frequency from the PSD with the largest peak
(minimum value of D?), i.e., the largest peak out of the four PSDs is detected and the FFT containing

the largest peak is used for FFT frequency and phase estimation, f rrr and (;AS rrr (at t = 0), respectively.

The four subcarrier FFT acquisition signals, X,.;(n) (i = 0, 1, 2, 3), with the four equally spaced
symbol offsets, are

Xyei(n) = (IT(i + 4n) + 1Q(i + 4n))* + (QI(i + 4n) + jQQ(i + 4n))” (8)

where n = 0,1,2,--+, Nggtqa — 1, and Ngut, is the number of data samples in the acquisition FFT. Using
Egs. (2)-(5), these equations reduce to

Xyei(n) = (AD(i 4 4n)) e720eoc() 4 () (9)

Each PSD of X,.,;(n) (: =0, 1, 2, 3) will have a peak tone at the bin closest to twice the error in the
predicted frequency, i.e., the frequency estimated from the FFT (as in the Appendix), fppr, is

fFFT ~ 2(fsc - fSC) (10)

where fsc is the predicted subcarrier frequency. Similarly, the FFT-estimated phase, ngSF rr (estimate of
phase at ¢t = 0, as in the Appendix), is doubled:

QASFFT ~ 2(950 - gsc) (11)
Therefore, the estimate of subcarrier frequency and phase are
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fFFT

fsc,FFT = fsc + 9 (12)
Qgsc,FFT(t) = ésc + ¢F2FT + 27Tfsc,FFTt (13)

This new method of combining all four 1T, IQ, QI, and QQ (using both T and Q channels of the carrier)
in the FFT-acquisition signal, instead of the traditional use of only the carrier Q channel, results in a 3-dB
improvement in the SN Rppr. Hence, the number of data points necessary to attain a given SN Rppr
is reduced by a factor of two. Furthermore, the frequency error estimate is sign correct, eliminating the
need to further test for the polarity of the estimated frequency value.

The SNR in each of the subcarrier acquisition FFTs is as follows:!

(2)4(D3,S1.a4)*

2 (%)2D—§7~,SL’Af + 2(E51/No)

Es
No

SNRrrri = Naata~SL,bin (14)

where

Ngate = number of symbols in the FFT
ff = %Zym(symbol SNR)
D—/Q\i = symbol integration loss in the ith FFT, Eq. (7)
SL.bin = power loss due to the tone not falling exactly on an FFT bin?
1 sin? (1 Apin /) N sin? (1 Apin /)
Niota S0 (T 8in /(@Niara)) (7 Dpin /)2
Aypin = fractional bin offset between the true tone bin and the peak FFT bin

a = zero-padding factor in the FFT
Sp,ay = power loss due to the tone being away from dc
sin? (mAfscTsym)
(,/TAfscTsym)2

Afsc = fsc - fsc

The estimated frequency and phase will have the following variances:3

1 The SNRs in the FFT acquisition of the subcarrier and carrier are derived in M. Aung, “Derivation of the SNR’s in the
Subcarrier and Carrier FF'T Acquisition in the Fast Acquisition Algorithm,” JPL Interoffice Memorandum 3338-94-054
(internal document), Jet Propulsion Laboratory, Pasadena, California, June 6, 1994.

2 The SL,bin,SL,af, and FFT frequency interpolation algorithm (Appendix) are derived in S. A. Stephens, “An Analysis
of FFT Tone Acquisition,” JPL Interoffice Memorandum 335.1-92-14 (internal document), Jet Propulsion Laboratory,
Pasadena, California, May 14, 1992.

3 The variances of the FFT-estimated frequencies and phases, the probability of FFT detection, and the detection threshold
are discussed in S. Stephens and M. Aung, “FFT Estimation Variances,” JPL Interoffice Memorandum 335.1-94-DRAFT
(internal document), Jet Propulsion Laboratory, Pasadena, California, August 1994.
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B. Symbol Acquisition

After the subcarrier FFT acquisition, it is determined if the error in the predicted symbol rate error,
ARgym, is negligible. If so, only the symbol phase is estimated from the subcarrier acquisition FFTs;
otherwise, both the frequency and phase are estimated with a new FFT.

1. Determination If Symbol Frequency Is Known Accurately. In step (3) of Figs. 2 and 3,
a decision has to be made if the symbol rate is known accurately. If it is not known a priori, a possible
method of making this decision is to compare the relative amplitudes of the Ny qcq subcarrier acquisition
FFTs. The basic idea is that when the symbol frequency is known, the Ny qcq FFTs will have amplitudes
proportional to Dii, where A;’s are phase errors 1/Ngc 4cq cycles apart. On the other hand, when the
symbol frequency is not known, the Nisc,acq FFTs will have comparable amplitudes. (A method utilizing
this principle is under development and will be reported on in a future article.)

2. Symbol Phase Acquisition From Subcarrier Acquisition FFTs. When AR, is negligible,
symbol phase can be estimated from the four FFTs with A; (i = 0, 1, 2, 3) as follows. In Fig. 4(b), the
integration intervals of the input symbol stream, d(-), are shown for integration phase offsets of 0, 0.25,
0.5, and 0.75 cycle (labeled interval index @ = 0, 1, 2, and 3, respectively, and A; is the phase difference
between the input symbol epoch and the ith integration interval). Define m as the interval index of the
integration interval that results in the PSD with the largest peak, P,,. It can be seen that m varies
depending on the input symbol phase @sym (@sym is defined with respect to the estimated symbol phase
qgsym =0 at t = 0 at the beginning of the first symbol integration interval), as

if 1/8 < ¢sym < 3/8 cycle
if 3/8 < ¢sym < 5/8 cycle
if 5/8 < dsym < 7/8 cycle
otherwise

o~ oW

Index m for various values of ¢y, is shown in Fig. 4(b), where the label P,, is used to indicate the
integration interval that results in the PSD with the largest peak.

Hence, the symbol phase at t = 0 (with respect to the integration interval i = 0) can be estimated as

Lm

ésym,FFT(O) = ( 4

e (17)

where \,, is the estimate of Am, the phase error between the input symbol epoch and the integration
interval m. One derives A, by writing the peak amplitudes of the four PSDs (P;, i = 0, 1, 2, 3) as being
proportional to Di, which is a quadratic function of A; [Eq. (7)]. Using the quadratic relationship plus
the additional information that phase errors \;’s (i =0, 1, 2, 3) are one-quarter of a cycle apart, A, is
estimated as®

4 Details of symbol phase estimation and FFT phase estimation discussed in the Appendix are available in M. Aung and
S. Stephens to E. W. Stone, “Fast Acquisition Algorithm Developed for the Block V Receiver Support of the Galileo Low
Data-rate Mission,” JPL Interoffice Memorandum 3338-93-167 (internal document), Jet Propulsion Laboratory, Pasadena,
California, August 25, 1993.
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In summary, for this case, the estimated symbol parameters are
fsym,FFT = Rsym,pred (19)

(&sym,FFT(t) = (isyvaFT(O) + 27Tfsym7FFTt (20)
The variance of the estimated phase will be approximately

2 (27T)2 2
~ 21
Ud)’FFT 16 x SNRFFT rad ( )

where SNRppr is the SNR in the subcarrier acquisition FFT given in Eq. (14).

3. Symbol FFT Acquisition When gy, Is Unknown. When the symbol rate is not known, the
symbol frequency and phase are estimated from one FFT of the acquisition signal. The acquisition signal
is formed using the I’s and Q’s stored from the subcarrier acquisition, complemented with consecutively
collected data if a larger number of symbols are required. Because most or all of the data are already
available, little or no addition data collection time is required. Note from Egs. (2)—(5) that the stored
I’s and Q’s have subcarrier and carrier demodulation error, ¢, . and ¢, s, respectively. Using estimates
of these demodulation errors available from the subcarrier FFT acquisition (and carrier FFT acquisition
if performed prior to symbol acquisition), the errors in the stored data are demodulated out before the
data are used for the symbol acquisition signal.
The overview of the algorithm is given here.® The approach is to form a signal Xoym(n) (for n =
0,1,2,-++, Ngata — 1) proportional to D?(i +4n) (i = 0, 1, 2, or 3) that can be shown to be periodic with

5 Details of the algorithm and the SNR in the FFT are given in M. Aung to E. W. Stone, “FFT Acquisition of Symbol
Frequency and Phase After Subcarrier Acquisition With the Carrier Loop Open in the Fast Acquisition Algorithm,” JPL
Interoffice Memorandum 3338-94-075 (internal document), Jet Propulsion Laboratory, Pasadena, California, July 19, 1994,
and in M. Aung to E. W. Stone, “FFT Acquisition of Symbol Frequency and Phase After Carrier and Subcarrier Acqui-
sition in the Fast Acquisition Algorithm,” JPL Interoffice Memorandum 3338-94-076 (internal document), Jet Propulsion
Laboratory, Pasadena, California, July 19, 1994.

95



a frequency equal to ARy, Hz [Fig. 4(a)]. Therefore, the FFT of D?(i 4 4n) returns harmonic tones
at IARgym (I =0, 1, 2, --+), and the frequency and phase can be estimated (Appendix) from the first
harmonic. To eliminate the sign ambiguity in the frequency estimate, a complex FFT is formed from the
signal and its quadrature as

Xsym,z(n) = Xsym,l(n) + szym,Q(n) (22)
For Nsc acq = 4, it can be shown [Fig. 4(a)] that

Ksym,=(n) = Xsym (n + 1) + j Xsym(n) (23)

because the sequence Xy, 1(n) 2 Xsym(n+1) is in quadrature with the sequence Xgym q(n) 2 Xoym(n),

as they differ by 90 deg in phase, as shown in Fig. 4(a).

A further modification is added to the algorithm where the acquisition signal is formed as Xy, (n)
proportional to D?(n). Then, note from Fig. 4(a) that the consecutive samples of X, (n) have over-
lapping integration intervals. The outcome of overlapping is an improvement in the FFT SNR, and the
estimated frequency and phase are

fsym,FFT = frrr (24)

N ~ ~ m
(bsym,FFT(t) = (bFFT + 27Tfsym,FFTt - 5 (25)

where fp rr and qu rr(t) are the frequency and phase estimates from the FFT of the acquisition signal
Koym (k).

4. Case A: Symbol FFT Acquisition, Retrofitting Only the Subcarrier. When the symbol
FFT acquisition is performed after the subcarrier is acquired, with the carrier loop still open [Fig. 2, steps
(10) and (11)], the estimated subcarrier frequency and phase errors are rotated out from each sample of
the stored I’s and Q’s, and the acquisition signal is formed as

Xoym(n) = | Re { (QI(n) +jQQ(n)) e+ L 1 jRe L (11(n) + 1Q(n))e PV | |2
= {Q[(n) cos (qgeysc(n)) + QQ(n) sin (ée,sc(n)) }2

{1y cos (deselm) + 1Q(m) sin (dese(m) } (26)
= A2D2 (n) C052 (¢e,sc(n) - ée,sc(n)) + nsym,FFT
~ A’D?*(n) + Noym,FFT

where gigeysc() is the estimate of the subcarrier demodulation error ¢, s.(-) in the stored II, IQ, QI, and
QQ [Egs. (2)—(5)], estimated from the subcarrier FFT acquisition.
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5. Case B: Symbol FFT Acquisition, Retrofitting the Subcarrier and the Carrier. When
symbol acquisition is performed after the subcarrier and the carrier are acquired [Fig. 3, steps (9) and
(10)], the symbol frequency and phase are estimated in a manner analogous to case A, with the following
acquisition signal. The estimated subcarrier and carrier errors are rotated out from each sample of the
stored I's and Q’s, and the acquisition signal is

2

Xoym(n) = (Re [eﬂ@e’c(n) {Re {(QI(n) JerQ(n))e*jée,sc(n)} + jRe {(II(n) +jIQ(n))e*j$e,sc(n)}]])

([QI(n) 05 (Je.se(n)) +QQn) sin (dese(m) | cos (Becln)

+ {If(n) COS (gzge,sc(n)) +1Q(n) sin (gﬁesc(n))} sin (q@ec(n))> (27)

= A2D(n)2 C052 ((rbe,sc(n) - Qge,sc(n)) COSQ ((ybe,c - Qge,c) + Nsym,FFT
= AQD(TL)2 + Nsym,FFT

whereg%e,sc(~) and ¢A567c(~) are the estimates of the subcarrier and carrier demodulation errors in the stored
data, estimated from the subcarrier and carrier FFT acquisitions.

For cases A and B, the estimated frequencies and phases will have the following variances:

0.16 1

2 _ Hz2 28

0.01345 Trrr\®
U;,FFT(t) = (271')2 <m +UJ2",FFT X (t — 2 ) rad2 (29)

C. Carrier FFT Acquisition

The suppressed carrier is acquired after the subcarrier and symbol acquisition when the carrier phase
noise is high and simultaneously with the subcarrier when the carrier phase noise is low. The carrier
acquisition is described for the two cases.

1. Case A: Carrier Acquisition After the Subcarrier and Symbol Have Been Acquired.
If the carrier is acquired after the subcarrier and symbol loops are in lock [Fig. 2, step (7)], the carrier
frequency and phase are estimated from one FFT. Note that at this point of the acquisition process, the
I and Q subcarrier demodulation is performed with square-wave references. The acquisition signal is

. P s n
Xcarr('”) = (QI(4H) —|—jII(4TL))2 = 56J2¢C’C( ) + nc’““rvacq(n) (30)
The SNR in the FFT will be

2
SLAf

E
SNRrrr = Naata~—SL pin

- (31)

8|SL.ar+ 2<E51/N0>}
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2. Case B: Simultaneous Acquisition of the Carrier and the Subcarrier. For simultaneous
subcarrier and carrier acquisition [Fig. 3, step (1)], the four carrier FFT acquisition signals are analogous
to the subcarrier acquisition signal:

Xearri(n) = (QI(i +4n) + jII(i + 4n))* + (QQ(i + 4n) + jIQ(i + 4n))>
= (AD(Z + 471)2€j2¢ﬁ’6(n)) + Necarr,ace (M) (32)

wherei=0,1,2,3,andn =0, 1, -- -, Ngqta — 1. The SNR of the tone in the FFT and the variances of the
estimated frequency and phase are the same as those for subcarrier acquisition, given in Egs. (14)—(16).

Analogous to the subcarrier FFT acquisition, the estimated carrier frequency and phase for both cases
A and B are

fc,FFT = fc + frrr (33)
- 2 brrT P
Ge,rrr(t) = 0+ 2 +2nfe rrrt (34)

where fF rr and (ﬁp rr are the estimates of frequency and phase (at t = 0) of the peak tone in the FFT
(Appendix), and f. and ¢, are the predicted carrier frequency and phase. The estimated frequency and
phase will have the same variance as in Egs. (15) and (16).

D. Determination of the FFT Parameters

In this section, the FFT parameters, namely Ny, detection threshold, and the zero-padding factor,
are discussed.

1. Determination of N,,,. The number of data points to be used in the FFT, Ng4tq, is determined
from choosing a desired confidence of detection, C', and solving for Ng,:,. The confidence of detection,
which is the probability of detecting the correct signal bin in the FFT in the presence of noise, is

C =~ (1 o 0’5670.5(E: /No)Nda.ta.> 2(Afscaren/Raym)Naata (35)

where EZ/N, is the equivalent symbol SNR in the acquisition FFT, defined in Eq. (6). The Afscarch
determines the frequency search region, +A fscqren Hz about the predicted frequency, i.e., the peak bin
in the PSD is detected as the bin with the largest PSD value among the bins corresponding to the search
frequency range | f —Afsearch, f + A fsearcn] Hz. It should be noted that Eq. (35) is only an approximation
of the confidence of detection.

2. Detection Threshold. In the FFT acquisition, FF'T detection is declared if the peak bin in the
search frequency range [f — Afscarch, f + Afscarch] Hz exceeds a lower threshold, Pipresn. The lower
threshold is set as

Pth’resh é gPs (36)
where
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P, = the expected signal power

3 (1 - \/SN;
FFT

C' = confidence of detection

Erf-120 - 1})2

Erf=1(-) = inverse error function

3. The Zero-Padding Factor. The nominal value of the zero-padding factor, o, will be 4. However,
Nyata is chosen according to Eq. (35), which may not be a 2" value. In general, the FFT size, Nppr,
will be determined as

NFFT =4x Nnearest

where Npeqrest 18 the nearest 2" value greater than or equal to Nggi,. Data points Nygia plus (Nppr
— Nyata) zeros will be used to form the Nppr point FFT. Therefore, the actual zero-padding factor,
which should be the value used in all equations requiring « (e.g., frequency interpolation), will be

Nrrpr
o= >4 37
Ndata o ( )

IV. Loop Acquisition

This section discusses loop acquisition. First, initialization of the tracking loop frequency and phase
is described. The use of two-arm versus one-arm loops is also briefly discussed, and the majority of the
section describes the process of initializing and gradually narrowing the loop bandwidths (and windows
if applicable) until the final loop SNR is achieved.

A. Initializing the NCOs of the Tracking Loops

After the FFT acquisition, the (subcarrier, symbol, and carrier if applicable) tracking loops are closed
with the FFT estimated parameters. In each loop (indicating subcarrier, symbol, or carrier as ¥ =
“se,” “sym,” or “carr” in the following), the initial frequency in the numerically controlled oscillator
(NCO) is set to fnco,init:

fNCO,init = fY,FFT (38)

and the initial phase of the NCO is set to ¢nco,init:

ONCO,init = i)Y,FFT(tcl,loop) (39)

where t = t¢) 100p is the time at which the loop is closed with respect to ¢t = 0 at the beginning of the first
symbol integration, shown in Fig. 4(a).
B. Two-Arm and One-Arm Tracking Loops

New two-arm tracking loops have been introduced for subcarrier and symbol tracking while the carrier
loop is open. The two-arm loop forms the loop phase error estimate ¢ j00p from two phase detector
outputs, one output using the carrier I input and the other output using the carrier ) input, as shown
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in Fig. 5. When tracking the subcarrier and/or symbol loop while the carrier is open-loop demodulated,
and when the symbol SNR is low, using two arms provides a 3-dB gain in the loop SNR as the signals in
both channels are used. When the carrier is in lock, no additional information and only additional noise
is gained by using the second channel and, therefore, a conventional one-arm loop is used.

@

N
DFsym | ®Pe, loop
> PHASE - 4
Q DETECTOR
/N N\
! loop Qloop
LOOP
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IDF,
O —p| PHASE - ="
DETECTOR Z
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! loop Qloop

+
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= 2
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Fig. 5. Subcarrier or symbol tracking loops: (a) one arm and (b) two arm.

C. Initial Bandwidths and Windows

When FFT acquisition is complete, each estimate of signal phase and frequency will have associated
with it a variance, 027 rpp and 0]207 rpr, tespectively (given in the last section). The initial tracking loop
bandwidth (and transition window if applicable) is chosen by matching the loop phase variance, 02,
with the FFT-estimated phase variance, 03)’ rpp- This is analogous to a constant-bandwidth tracking
loop handing over to the acquisition loops, which will start at the bandwidth and window and begin
narrowing.

The tracking variance 0(225 for each type of loop can be written in the form

5 { (27r)2ciBLw rad®, for loops with transition windows (SCL and SSL)
O’¢ -

(271')203)BL rad?,  otherwise (suppressed carrier loop)

100



where By, is the loop noise bandwidth, w is the window width size, and ci is a constant that depends
on the signal SNR and the tracking loop. For loops with transition windows, the window is specified in
terms of the tracking variance with the parameter c,,:

CwO¢
(2m)

o = 4c,, for subcarrier loops
Y ) 2d,, for symbol loops

The parameterization of ¢,, in terms of ¢}, is for physical significance: ¢!, gives the tracking error that
reaches the edge of the transition window, expressed in tracking standard deviations. For example, with
¢, = 4, the (unlikely) tracking error of 40, is necessary to cause the signal transition to fall outside of
the phase extractor window.

We can now solve for the initial bandwidth and window width:

CwOg¢ FFT
w(O) — “’T

BL(0) = Ugs,FFT
o (2m)2ciw(0)

For a loop with no transition window, the initial bandwidth is

035 FFT
Br(0) = 55
(2m)%c

The windowing allows the initial bandwidth to be w times larger than with no windowing for a given
loop SNR.

D. Bandwidth and Window Narrowing

In the continuous bandwidth and window narrowing methods used,® the loop time constant 7 =
1/(2By) is linearly increasing in time with rate dr/dt. Bandwidth as a function of time then has the
form

By(t) = ! (40)

1 dr
2 (2BL(0) + %t>

In tracking loops with transition windows, window as a function of time is given by

6 The bandwidth and window narrowing method is introduced and analyzed in S. Stephens, “Bandwidth and Window
Modification in Phase-locked Loops,” JPL Interoffice Memorandum 335.9-94-010 (internal document), Jet Propulsion
Laboratory, Pasadena, California, June 1994.

101



From simulation” and analysis, values of d7/dt and ¢/, that minimize the loop phase variance after a fixed
time span are specified for loops® of order N and damping parameter n? and are given in Table 1.

Table 1. Optimum values of d7 /dt and ¢/, for

loops of order N and damping parameter 772.

Loop dr/dt ¢,

Subcarrier loop, N = 2,72 = —1 0.181 4.0

Symbol loop, N =1 1.0 4.0
Symbol loop, N = 2,7% = —1 0.181 4.0
Carrier loop, N =2,7? = —1 0.383

From solving Eq. (40), the time, T;,,, to 