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Y¥ Doppler vs. Time During Satellite Overflight

PACIFIC
50 Doppler vs. Time, alt.=500 miles, f=2.45GHz
I I I I I — I T T T T T T T T
80 N
< 40+ :
3
60 % 20 L |
3
40 O ot 4
©
—~ =
3 20 S 20+ i
5 k5
g/ 0 g 40T ]
2 a
g _60 1 | | | 1 | | I I
§ -20 -400 -300 -200 -100 0 100 200 300 400
Time (s)
Scenario: Change in Doppler vs. Time, alt.=500 miles, f=2.45GHz
Satellite altitude = 500 miles 0 ' ; ; ; . ; ;
Circular orbit . E %\ 100 | i
2.45 GHz Carrier frequency -z
Overhead of Logan, UT at t=0 | | | | | g 200 ¢ l
. c
Heading due west -0 0 %0 100 150 S 300 .
Longitude (degrees) &)
& -400 - :
Q.
Q.
] -500 - 1
_600 1 1 Il 1 L L 1 1 1
-400 -300 -200 -100 0 100 200 300 400

Time (s)



Naval Information
Warfare Center

Y¥ Problem: Satellite Observed Doppler vs. Time

PACIFIC

e Scenario: 500-mile altitude satellite in circular orbit flying overhead Logan, UT at
t=0 heading west, 2.45 GHz carrier frequency

e Desire maximum data transfer during limited overflight time
* 14.5 minute overflight out of 1 hour 40 minute orbit time

* Doppler Changes with Time
 Satellite’s velocity 7.45km / s to stay in circular orbit

. Doplo_ler observed is proportional to component of velocity vector in direction between
satellite and ground terminal

* Peak Doppler Magnitude of 57kHz
* Peak rate change of -550 Hz/s

. T%crrestrial radios may not have been designed to handle large Doppler frequency
offsets

* Desire techniques for detecting and tracking time-varying Doppler without
demodulating the signal
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¥ Band Edge Filters
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¥ Band Edge Filters
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* Maximize energy of received signal
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¥ Band Edge Filters

PACIFIC

* Maximize energy of received signal
with respect to frequency offset

* Achieved by making frequency response
equal to derivative of shaping filter
frequency response

* Operate on excess bandwidth of signal

» Rolloff factor (a) determines excess
bandwidth of signal

* Band edge filters are located at + f, |
((1+a)/2, where f . is symbol rate
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bandwidth increases, band edge
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¥ Band Edge Filters
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* Maximize energy of received signal

with respect to frequency offset 0 —— et s
* Achieved by-ma!<ing frequgncy response 5l tikoie oy
equal to derivative of shaping filter ol Band Edge Lower
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* DOPPLER-FREE SIGNAL
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Doppler Meas. w/ Band Edge Filters, (=0.707, n=27/200, SNR=20.0 dB
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4 Problem with Band Edge FLL when Doppler
more Exceeds Modulation Bandwidth

Doppler Meas. w/ Band Edge Filters, (=0.707, n=27/200, SNR=20.0 dB Doppler Meas. w/ Band Edge Filters, (=0.707, =27/200, SNR=20.0 dB
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_— Doppler Meas. w/ Half-Band Filters, (=0.707, n=27/200, SNR=20.0 dB

* Using Half Band filters as Band e T e
Edge Filters e

* Filters will collect energy no matter

FLL locked to within 2 percent of Doppler at 0.027215 seconds

the Doppler offset
* Able to acquire and track even
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mere__Doppler is within Modulation Bandwidth

S0 Doppler Meas. w/ Half-Band Filters, (=0.707, =27/200, SNR=20.0 dB
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00 Doppler Meas. w/ Hybrid Filters, (=0.707, n=27/200, SNR=20.0 dB

e Sum of Optimum and Half Band 12000

Doppler = 12.5 kHz,
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¢ Prefilter Delay-Multiply Device
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* Filter h(t) is for noise reduction

b(t) * Delay “d” is varied between 0
? and 1 symbol periods
* For BPSK signal inputs (s(t)),
spectrum of b(t) will be tone at

s(t) = 2 @ p(t — nTyel? ot o6 twice Doppler frequency
oo surrounded by tones separated
) by symbol rate
c(t) = Z a,q(t —nT)Ae/2™hotel6ei?  When n=m, b(t) is periodic
n=oe (fundamental at symbol rate)

(0.0)

b(t)_<2 z a,a,q(t —nT)q(t —d — mT)) (A2 12”2f0t) (e —j2mfod 5j260 12<p)

oo Mm=—00
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum

PACIFIC
Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum

PACIFIC
Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum

PACIFIC
Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
13 sample delay 0 sample delay
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
17 sample delay 0 sample delay
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
18 sample delay 0 sample delay
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum
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Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
19 sample delay 0 sample delay
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum

PACIFIC
Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
19 sample delay 1 sample delay
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum

PACIFIC
Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
19 sample delay 2 sample delay
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum

PACIFIC
Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
19 sample delay 3 sample delay
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(kHz) (kHz)
* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum

PACIFIC
Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
19 sample delay 4 sample delay
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum

PACIFIC
Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
19 sample delay 5 sample delay
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum

PACIFIC
Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
19 sample delay 6 sample delay
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* Figures depict 20 samples per symbol, f,, =50 kHz, Doppler=50 kHz
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¥ Effect of Variation of Delay in Spectrum

PACIFIC
Rectangular Shaping Filter Raised Cosine Shaping Filter (a=0.5)
19 sample delay 7 sample delay
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¢ Prefilter Delay Multiply FLL Structure

PACIFIC

PREFILTER DELAY
AND MULTIPLY

——@- h(t) j@-’— 71 conj(-)—<>i<>7
Lz

conj(+)

PROPORTIONAL-
INTEGRAL LOOP
FILTER

angle(:) ko @..q.)_. -1
_'l Ki - Z _T‘
]




Naval Information
Warfare Center

¢ Performance of Delay Multiply FLL
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e 20 dB SNR frequency error standard deviation 1372 Hz (compare to
174.6 Hz for Optimum Band Edge FLL in same situation)

* 5 dB SNR frequency error standard deviation 3584 Hz (compare to
1272 Hz for Optimum Band Edge FLL in same situation)
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¢ Performance of Delay Multiply FLL
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* Delay Multiply FLL with initial Doppler near quarter-sample rate
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¥ Conclusions

PACIFIC

* Optimum Band Edge FLL provides best combination of lock time and
frequency error when phase-modulated signal’s shaping filter design
is known in advance and when modulation rate is fixed

e Hybrid Band Edge FLL (Optimum Filters plus Half Band Filters) allow
frequency locking out-of-band

* Prefilter Delay Multiply FLL is an alternative that reduces the amount
of logic when compared to Band Edge FLL (one noise reducing filter
vs. two band edge filters)
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