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Abstract—This article summarizes the design concepts and
measured performance characteristics of an X-band bread-
board deep-space transponder (DST) for future spacecraft ap-
plications, with the first use scheduled for the Cassini missions
in 1997 and 1996, respectively. The DST consists of a double-
conversion, superheterodyne, automatic phase tracking re-
ceiver, and an X-band exciter to drive redundant downlink
power amplifiers. The receiver acquires and coherently phase
tracks the modulated or unmodulated X-band uplink carrier
signal. The exciter phase modulates the X-band downlink signal
with composite telemetry and ranging signals. The measured
tracking threshold, automatic gain control (AGC), static phase
error, and phase jitter characteristics of the breadboard DST
are in good agreement with the expected performance. The
measured results show a receiver tracking threshold of —158
dBm and a dynamic signal range of 88 dB.

I. INTRODUCTION

ELECOMMUNICATION transponders [1] for deep-
space spacecraft applications provide independent

uplink command and turnaround ranging functions, as
well as downlink telemetry and radiometric capabilities.
- The spacecraft DST is an element in the overall deep space
communications system. The DST functions include:

1) Precise phase/frequency reference transfer from the
uplink signal.

2) Demodulation of the command and ranging signals
from the uplink carrier.

3) Generation of a coherent or noncoherent downlink
tracking signal for the Earth-based Deep Space Network.

4) Modulation of downlink signal with composite te-
lemetry data and turnaround ranging or differential one-
way ranging (DOR) signals.

5) Capable of utilizing an external ultrastable oscillator
(USO) to generate the downlink signal.

6) Generation of phase coherent reference signals for
use by external S-band and Ka-band exciters.

This article describes the design, implementation, and
performance of a breadboard DST configuration. The de-
sign specifications and functional description of the DST
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are summarized in Section II. The DST block diagram. is
described in Section III. The experimental results of a
breadboard DST are presented in Section IV. Finally,
some conclusions are drawn in Section V. Derivations of
carrier tracking threshold, and phase jitter are included in
an Appendix.

II. Ky DESIGN REQUIREMENTS

The design requirements for the DST [2] are summa-
rized in Table I. In addition to the DST functions de-
scribed in the previous section, carrier acquisition, track-
ing, navigation, Doppler accuracy, and radio science
requirements are some of the system considerations that
determine the DST specifications. The DST is to provide
a receive and transmit capability at X-band with the nec-
essary reference signals for generation of independent
S-band and Ka-band downlink signals external to the DST.
The design ratio of transmit/receive frequency translation
for DST coherent operation at X-band is 880/749. The
DST received uplink is at an assigned channel in the fre-
quency range from 7145 to 7190 MHz (749F ). The term
F| represents the frequencies ranging from 9.54238 MHz
to 9.60108. It also represents 1/12th of the voltage con-
trolled oscillator (VCO) frequency when the receiver loop
is in lock. The frequency F, for channel number 14 is
equal to 9.5625 MHz. The DST X-band (880F;) downlink
frequency for the corresponding frequency channel as-
signment is in the frequency range from 8400 to 8450
MHz (Table I). The receiver performance requirements
include a typical noise figure of 1.4 dB, a tracking thresh-
old level of —157.3 dBm, and a tracking range of +250
kHz at the assigned channel frequency. The acquisition
and tracking rate is specified to be at least 550 Hz /sec.
The specified nominal output power of the exciter is +12
dBm. The exciter output is phase modulated to a maxi-
mum phase deviation of +2.5 radians with a radio fre-
quency (RF) modulation bandwidth greater than 40 MHz.
The phase noise as measured from 5 Hz to 25 MHz is
required to be less than 2.5° root mean square (rms) in
the coherent mode and 2.8° rms in the noncoherent mode.
The DST ranging and carrier phase delay variations are
to be less than 22 nsec and 2.5 nsec over the temperature
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TABLE I

X-BAND SPACECRAFT TRANSPONDER FOR DEEP SPACE APPLICATIONS.

DEEP-SPACE TRANSPONDER (DST) SPECIFICATIONS

Parameter

Design requirements

w

S.

. Uplink frequéncy allocation
. Downlink frequency allocation

. Frequency translation ratios

Channel 14 uplink frequency
X-band downlink
S-band downlink
Ka-band downlink
Receiver parameters

7145 to 7190 MHz, deep
space

8400 to 8450 MHz, deep
space

7162.3125 MHz (749F))

880 /749 (8415 MHz)

240/749 (2295 MHz)
3344 /749 (31977 MHz)

Carrier threshold ~157.3 dBm
Dynamic range 88 dB (carrier threshold to
—70 dBm)

Noise figure at DST receiver input

Acquisition and tracking rate

Tracking range
Tracking error

Capture range

Exciter parameters.
Frequency for coherent operation

Frequency for noncoherent operation
RF output power level

Output Impedance

Spurious signals

Modulation bandwidth

Modulation index

Modulation gensitivity
Modulation amplitude linearity

Modulation index stability

Residual phase noise

Input-te-output carrier phase delay
variation
Differential phase delay variation

Ranging phase delay variation

1.4 dB nominal

2.9 dB maximum (end of
life)

550 Hz /s at signal Level
> —110 dBm

+250 kHz minimum
< 1° /40 kHz at carrier .

level > —110 dBm
+1.3 kHz at signal level
> —120 dBm

880 /749 times uplink
frequency

approximately 880F,;

+12 dBm, nominal

50 4+ 5 ohms, nominal

60 dB below the carrier

>40 MHz

Ranging: 3-9 dB carrier
suppression

Telemetry:.0-15 dB carrier .

suppression

DOR: 0-1.1 dB carrier
suppression

2 radians peak/volt peak

+2.5 radians at +8%
linearity

+10% over —20°C to
+75°C

<2.5° rms in the coherent
mode

<2.8° rms in the
noncoherent mode

<2.5 nsec over —10°C to
+55°C

< 1 nsec over —10°C to
+55°C

<22 nsec over —10°C to
+55°C )

range from —10°C to +55°C, respectively. The differ-
ential downlink carrier phase delay variation is to be less
- than 1 nsec over the same temperature range. The hard-
ware must withstand 100-krad (silicon) total radiation
dose.

III. TRANSPONDER
A. Block Diagram and Frequency Scheme

The DST functional block diagram and frequency-gen-
. eration scheme are shown in Fig. 1. The receiver is im-
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plemented as a double-conversion superheterodyne phase-
lock tracking receiver, with a fixed frequency second in-
termediate frequency (IF). The first local oscillator (LO)
signal at 880F; and the second LO signal at 131F, — F,
are generated by a dielectric resonator oscillator (DRO)
[3] and a surface acoustic wave resonator oscillator
(SRO), respectively. Both of these oscillators are phase
locked to the 12F, (114.75 MHz) voltage controlled os-
cillator (VCO). The 12F; VCO is in turn phase locked to
the uplink carrier. The SRO PLL consists of a SRO, a
x 11 multiplier, a + 6 divider, two mixers, a +2 divider,
and a phase detector. The X 11 multiplier and +6-divider
are used in the SRO PLL to generate the frequencies 132F,

“and 2F, from 12F;. The 2F; and the reference oscillator

output at 2F, are applied to a mixer followed by a +2
divider to obtain a reference signal at (F; + F,) to the
SRO PLL phase detector. The SRO output at 131F; — F,
and the 132F, signals are applied to a mixer to obtain the
second input signal at (F; + F,) to the SRO PLL phase
detector. A X 73 multiplier and a +3 divider are used in
the DRO PLL to generate reference signals at 836F; and
4F,, respectively. The first and second intermediate fre-
quencies are at 131F,; (1252.6875 MHz) and F, (56.648
MHz), respectively. Coherent carrier automatic gain con-
trol (AGC) is employed in both of the IF sections to pro-
vide a constant signal plus noise at the carrier loop phase
detector.

The coherent downlink carrier at 880F, is prov1ded by

- the LO DRO when the DST is operating in the coherent

mode from the VCO. In the noncoherent mode, an 880F,
frequency is generated by the exciter DRO phase locked
to the DST 12F, auxiliary oscillator (AUX OSC) or the
external USO. The noncoherent downlink signal is auto-
matically selected by the receiver AGC function upon the
absence of an uplink signal. The DST’s 880F, phase-
modulated signal [4] provides drive for the redundant
spacecraft power amplifiers.

Prior-Art in the Deep Space Transponder Technology:
The NASA S-band transponder developed in the early
seventies, has been the choice of past planetary missions.
Full-up S/X-band dual frequency downlink capabilities
have been demonstrated in Galileo and Magellan radios.
The S-band downlink to S-band uplink frequency trans-
lation for coherent operation is 240 /221. The phase lock
receiver is a double-conversion superheterodyne type. The
receiver 2F, VCO is phase locked to the uplink carrier at
221F, (2113.3125 MHz). The downlink carriers at 240F,
are generated by frequency multiplication from the 2F,
VCO for the coherent mode or from a USO for the non-
coherent mode. The S-band downlink signal at 240F, is
generated by using frequency multipliers from the input
drive frequency at 2F,. The phase modulation is applied
at 30F,.

The Galileo Magellan radios utilize S-band transpon-
ders as the basic phase locked receiver with additional
circuits that include an X/S-band downconverter in front
of the S-band receiver and an X-band exciter.
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Fig. 1. Deep space transponder (DST) functional block diagram.

B. Automatic Phase Tracking Loop

An automatic phase tracking loop in the receiver is used
to phase track the uplink carrier and to provide good dy-
namic response. The selection of the PLL bandwidth de-
pends on the tracking. threshold, phase noise, and dy-
namic performance of the receiver.

In the coherent mode, the 880F,; downlink signal gen-
erated in the DST exciter from the 12F; VCO signal is
phase coherent with 749F, received signal. Phase coher-
ence is accomplished by a automatic phase-lock loop
(PLL) in the receiver. The receiver PLL transfer function
is a type-I, second-order lowpass filter [5], [6]. The PLL
design [5]-{7] is an involved iterative task and is usually
a compromise between fast low-error tracking operation
and noise response. The selection of the loop filter time
constants (7; and 7,), the loop gain (K,), and the noise
equivalent predetection bandwidth (8;;), depends on six
relevant receiver performance requirements. The require-
ments are:

1) the steady-state tracking error less than or equal to
1° per 40 kHz offset at carrier levels greater than —110
dBm

2) the minimum acceptable signal-to-noise power ratio
(SNR) in the carrier channel at the phase detector input
equal to —25 dB

3) the minimum acquisition sweep rate at strong signal
(> —110 dBm) equal to 550 Hz /sec

4) the damping factor at the theoretical threshold
(—157.3 dBm) ranges from 0.4 to 0.6

5) the damping factor at 10 dB above the theoretical
threshold ranges from 0.5 to 0.8

6) the two-sided loop noise bandwidth (2B,,) at the
theoretical threshold of 18 Hz

Using the above set of transponder performance re-
quirements, the loop parameters 7,, 7, and K, are selected
using PLL algorithm. Performance variations of the com-

ponents over temperature and aging are considered in se-
lecting the PLL designs. Table 1I lists these loop param-
eters and compares them for several transponders: NASA
Standard, Galileo and Magellan.

C. Residual Phase Noise

In the coherent carrier mode, residual phase noise is
defined for a noise-free received signal case. The phase
noise on the downlink carrier signal consists primarily of
contributions from the three phase-locked oscillators 12F,;
VCO, SRO, and DRO used in the DST implementation.
Individual phase noise power spectral density functions
[8]-[10] for these contributors are used in a comprehen-
sive computer program to predict the phase noise of the
-closed-loop receiver. Total residual phase noise in the
output is the mean square sum of all noise sources. The
predicted phase noise for the DST in the coherent mode
is shown in Fig. 2. In the intervals between 5 Hz and 25
MHz on each side of the carrier, the root mean square
(rms) phase noise is 0.448 degrees rms, which is well be-
fow the maximum allowable 2.5 degrees for coherent
downlink. The dominant contributor to this rms phase
noise is the 12F; VCO; the remaining contributors are less
than 10% of the VCO contribution. Predicted rms phase
noise and Allan deviation [9] are compared to the speci-
fied values in Table III. The results of the analysis indi-
cate that the coherent mode specifications will be met for
both the rms phase noise and the Allan deviation. The
receiver PLL band limits the VCO spectrum, thus provid-
ing the superior performance in the coherent mode.

D. Carrier Delay and Delay Variation

The phase variation associated with the temperature
change of the transponder can be estimated by construct-
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TABLE'TI
TRANSPONDER CARRIER TRACKING LOOP PARAMETER

Parameter 10 dB Above Threshold Strong Signal (50 dB Above
Design Parameter Threshold Parameters Parameters Threshold)

Transponder

‘ Ky/s 78 7,5 fo ~wgrad/sec 2B, Hz ¢ wporad/sece 2B, Hz § o, rad/sec 2B, Hz Ao Hz/s
NST 1.44 x 107 2910 0.0833 - 0.68 16.2 17.0  1.20 28.7 403 2.92 70.3 211.4 392.4
NST + XSDC 4.88 x 107 2910 0.0833 1.90 45.8 92.5 3.27 78.4 262.3  5.39 129.5 704.0 1334.5
GLL 1.62 x 107 3732 :0.0423 0.32 15.1 16.7 0.56 26.7 269 1.39 65.9 103.3 345.6
GLL + XSDC 5.73 x 107 3732 0.0423. 0.74 34.8 37.5 1.29 61.1 90.7 2.62 123.9 335.4 12216
MAG 1.44 x 10" 728 0.0208 0.42 40.5 41.0 0.74 70.7 76.2 1.46 140.6 229.0 - 1569.0
MAG + XSDC  4.88 x 107 728 0.0208 1.02 97.9 123.6 1.74 166.8 313.5 -2.69 258.9 718.7  5334.0
DST 2.2 X107 3556 0.0556 0.50 18.0 18.0 = 0.88 ' 31.9 37.2  2.17 78.1 178.5 550.0 -

Ky = dc gain of phaselock loop (seconds™")

7, = time constant associated with open-loop pole (phase-lag) of the loop filter, (seconds)

T, = time constant associated with open-loop zero (phase-lead) of the loop filter, (seconds)

{o» $10» ¢« = PLL damping factor at threshold, 10 dB above threshold, and strong signal

Wpor Dpygo u),,j = PLL natural frequency at threshold, 10 dB above threshold, and strong signal (radians /second)

2B,,, 2B;,, 2B;, = PLL noise-equvalent bandwidth at threshold, 10 dB above threshold, and strong signal (Hz)

A®
NST = NASA standard deep space transponder (S-band)
GLL = Galileo.transponder (S-band)
MAG = Magellan transponder (S-band)
DST = Deep space transponder (X-band design)
XSDC = External X-band to S-band downconverter

PLL aquisition and tracking rate at strong signal (Hz /s)
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Fig. 2. Deep spéce transponder (DST) 880F; coherent mode phase noise.

TABLE i1

TRANSPONDER COHERENT MODE PREDICTED RMS PHASE NOISE AND ALLAN
DEVIATION
Predicted Output Specification
RMS Phase Noise 2.5

~ (Degrees RMS) 0.448 (5 Hz to 25 MHz)
Allan Deviation:
(Integration Time) : i
0.01 sec 2.6 X 107! 3 x 107!
1.0 sec 2.6 X 107" 1.2 x 10712
1000 sec 2:4 X 1071° 5x 1075

"ing a model from the block diagram. The analysis as-

sumes that the frequency multipliers are major contribu-
tors of the phase delay variation with temperature. The
contribution for each multiplier is assumed to be three de-

" grees of phase per degree Celsius. The estimated value of

the DST carrier phase delay variations from input to out-
put is equal to 0.075 nsec over the temperature range from
—10°C to +55°C. The predicted carrier delay data in-
dicates that DST satisfies the requirement of maximum
allowable delay variations equal to 2.5 nsec.

IV. TRANSPONDER EXPERIMENTAL RESULTS

A breadboard DST X-band receiver and exciter shown
in Fig. 1 (without S-band and Ka-band exciters) was im-.
plemented and performance characterization accom-
plished. The evaluation measurements include receiver
tracking threshold sensitivity, static phase errors for X-
band uplink frequency offset, swept acquisition charac-
teristics, and AGC versus uplink signal level. ‘All mea-
surements were made at a room temperature (25°C). The
theoretical equations used for the calculation of carrier
tracking threshold and phase jitter are given in the Ap-
pendix. The measured tracking threshold sensitivity at the
receiver best lock frequency (approx1mately channel cen-
ter) is —158 dBm, which is in good agreement with the -
design threshold value of —157.3 dBm [Appendix: (A1)].
The measured. receiver threshold characteristics show
good correlation with expected performance [Appendix
(A2) and (A6)] over the tracking range as shown in Fig.
3. The receiver acquisition characteristics were measured
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at an input signal level of —110 dBm. The measured val-
ues for tracking range and tracking rate are +270 kHz at
design center frequency, and 800 Hz/sec, respectively,
and meet the specified requirements (Table I). Fig. 4
shows a linear relationship for the static phase error volt-
age versus uplink frequency offset over the receiver track-
ing range. The AGC loop-filter amplifier-output voltage
controls the gain in the first and second intermediate (IF)
amplifiers. The AGC voltage versus uplink signal level at
the best lock frequency and at frequency offsets of +250
kHz from BLF are shown in Fig. 5. As the receiver input
signal varies from a strong signal level (—70 dBm) to the
threshold level, the AGC control voltage varies approxi-
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mately linearly (better than 5% linearity). No receiver
false-lock or self-lock resulted during the test phase.

A comparison of measured to calculated phase jitter [1],
[5], [6], [7] characteristics [Appendix: (A7)] as a function
of receiver uplink signal level is shown-in Fig. 6. The
measured phase jitter values for the breadboard DST and
Magellan transponders at the same uplink signal level of
—100 dBm are equal to 3.03° rms and 3.98° rms, re-
spectively.

V CONCLUSION

Design concepts and system architecture for a high per-
formance X-band (7162 MHz /8415 MHz) DST for deep
space spacecraft applications have been presented. The
DST has been successfully. breadboarded and evaluated.
New technologies such as a dielectric resonator oscillator,
X-band (8415 MHz) phase modulator, and surface acous-
tic wave resonator oscillator have been integrated into the
design. The Telecommunication Development Labora-
tory .measurements on the breadboard DST achieved a
threshold level of —158 dBm with a dynamic range of 88
dB, and excellent acquisition and tracking characteristics.
The measured tracking receiver threshold and phase jitter
data are in good agreement with the predicted character-
istics. The Jet Propulsion Laboratory breadboard X-band
DST design and evaluation has demonstrated a basic
model  configuration for implementation of future deep-
space transponders.
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APPENDIX

The equations used to calculate carrier tracking thresh-
old and phase jitter data are presented in this appendix,
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1. Carrier Tracking Threshold of a Phase-Lock Loop
Receiver

. The carrier tracking threshold of a phase locked loop
(PLL) receiver [1], [5], [6], [7] is defined as the minimum
uplink signal required to maintain lock at any given offset
from best lock frequency. It is a measure of an important
limitation on spacecraft receiver performance.

The worst case carrier tracking threshold signal level

(Sy) at the transponder input port and at the best lock fre-
quency (BLF) is determined from the following equation:
So = kToF(2B1o)L (A1)

where S is the receiver input signal power level for track-
ing threshold at receiver BLF, k is Boltzmann’s constant,
T, is the teference system temperature, F is the receiver
noise figure at the transponder input, 2B, is the two-sided
noise-equivalent receiver carrier tracking loop bandwidth
at threshold, and L is the receiver carrier. channel loss.
The calculated value of the worst case receiver carrier
tracking threshold is equal to —157.5 dBm for a 2B, of
18 Hz, channel loss of 1 dB, and noise figure of 2.9 dB
at 290 K.

The PLL receiver limiter suppressmn factor [1], [5]
[6], , is given by

(A2)

with S is the receiver input signal power level, and B; ; is
the noise-equivalent predetection bandwidth.,

The performance of a PLL receiver at its tracking
threshold is nonlinear and not easily modeled. An empir-
ical approach was taken to the derivation of equations to
predict the receiver behavior at the tracking threshold. The
assumption was that the tracking threshold phase offset at

 the loop phase detector cannot exceed an angle equal to
one radian minus the rms value of the noise in the loop.
At BLF, there is one radian of noise and the phase offset
cannot exceed zero, however when the noise is reduced
by increasing the signal lével by 25% of one radian, the
maximum phase offset at the signal level is 0.25 radians.

In the region near tracking threshold, the phase offset,
8,, at the PLL phase detector can be estimated from the
empirical equation

aO

.o

b, = (A3)

where «, is the limiter suppression factor at carrier thresh-
old given by

72B LO

. Ad
4By, &4

o, =

The phase detector output voltage is given by an émpirical
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equation

V. = asin (8,) cos.(4,). (A5)

The frequency offset at X-band this voltage can produce
is
: 1 ‘
Af = — V. Ky (A6)
27
where Ky is the dc gain of the PLL.
Equations (A2), (A3), and (A4) are used to predict the

carrier tracking threshold as a function of the oﬁset fre-
quency (Af") from BLF. '

2. Phase Jiiter Calculations

The root mean square (rms) value of the PLL ldop phase
jitter [11, [5], [6], [7] at a given receiver input signal level
is calculated from

[ 8B,
=~ |25 A7
? = AlS2B,, (A7)

The one-sided noise-equivalent loop bandwidth; B, in

(A7) is given by

5, = __K__[l N _Ig}
4(1 + TzaKV) T

where 7, is-the time constant associated with the open-
loop pole (phase lag) of the loop filter, and 7, is the time
constant associated with the open-loop zero (phase lead)
of the loop filter.

(A8)
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