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I.

Introduction

The design philosophy and recommended standards for PN DDOR transponders are
proposed in RFM 20-04. The referenced document illustrates how to pick a chip rate,
roll-off factor, and other PN parameters for a PN DDOR transmitter. The document
also proposes various recommendations for these parameters.
This document expands upon RFM 20-04 and presents two PN DDOR transmitters that
were designed and tested at JPL. First the IRIS cubesat radio is presented with an 8
MHz spread spectrum DDOR signal. Next the Univeral Space Transponder (UST)
transmitter is presented with a 32 MHz spread spectrum DDOR signal. These
transmitter designs show that the proposed recommendations are reasonably
implemented with current technology.
II.

JPL IRIS Transmitter (8MHz Spectrum)

The JPL IRIS transmitter is a software defined radio in a cubesat form factor. A
model of this radio flew aboard the Mars CubeSat One (MARCO) cubesats which
flew by Mars in 2018. The cubesats successfully used the IRIS radio for all
radiometric navigation measurements, including doppler, ranging, and DDOR. At the
time, there was no PN DDOR functionality loaded onto the IRIS transmitter so only
conventional DDOR signals were used.
After the MARCO missions, the IRIS radio firmware was expanded to include the
ability to produce PN DDOR signals. The design process for the PN DDOR
implementation followed that presented in RFM 20-04. Those steps are illustrated
here in reference to the IRIS radio and ultimately the final output spectrum is
provided.
First, the number of bits in the gold circuit generator is determined from the
relationship between chip rate and desired code period. The code period is the length
of time before the PN sequence repeats. This relationship is shown below in Equation
1. In this equation, 𝑁 is the number of bits in the gold code circuit generator, 𝑅! is the
chip rate, and 𝑇! is the code period.
2" − 1
𝑇! =
𝑅!

(1)

The desired code period is set long enough such that any ephemeris uncertainty is a
fraction of the code period. For deep space missions, a code period of 1 millisecond is
sufficient for all missions, even cubesats with sparse tracking data and a variety of
dynamic uncertainties.
The chip rate must be choosen in conjunction with the square root raised cosine
(SRRC) filter roll-off factor, such that the channel bandwidth of the PN signal fills the
same channel bandwidth of the quasar signal used in DDOR. This results in a high
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level of common error cancellation and higher DDOR accuracy. For X-band this
channel bandwidth is 8 MHz. For SRRC filters, the roll-off factor must be between
0.0 and 1.0. The relationship between chip rate, roll-off factor (𝛽), and channel
bandwidth (BW) is shown below in Equation 2.
𝑅! =

𝐵𝑊
1+𝛽

(2)

It is possible to solve for N at this point because of the inequality 0 ≤ 𝛽 ≤ 1, which
sets bounds for N. After substituting Equation 2 into Equation 1 and solving for N, the
following relationship is found. Also 𝑇! is set to 1 millisecond to satisfy the
ephemeris uncertainty constraint.
𝐵𝑊 ∗ 10$%
(3)
𝑁 = 𝑙𝑜𝑔# 41 +
6
1+𝛽
Since N must be an integer, a decimal N must be rounded to the next largest integer.
Also, for gold codes N cannot be divisible by 4. In that case, N must be rounded again
to the next largest integer. By testing the boundary conditions of 𝛽 = 0.0 and 𝛽 =
1.0, with BW = 8MHz, it is shown that N must be 13 bits. This is what is used by the
IRIS design and recommended in RFM 20-04 for X-band.
With the number of bits determined, it is possible to identify the polynomial paris
available to generate a valid gold code sequence. For N=13, there are many different
compinations of polynomial pairs that are valud and a subset is shown below in Table
II-1. For the IRIS radio, Pair 1 was chosen. Note, that all pairs provide the same level
of performance. The only stipulation is that the same polynomial pair must be used
for different spacecraft to prevent interference between multiple transmitters. The
IRIS transmitter is easily reprogrammable to choose a different polynomial if needed.
Table II-1: IRIS Gold Code Polynomial Pairs

Polynomial 1
[13 12 11 8 0]
[13 12 11 8 0]
[13 12 11 8 0]

Pair 1
Pair 2
Pair 3

Polynomial 2
[13 12 10 3 0]
[13 7 6 1 0]
[13 11 8 4 0]

The chip rate and roll-off factor are then determined based on the digitial-to-analog
(DAC) frequency of the radio. For implementation convenience, the implemented
chip rate must be an integer fraction of the DAC frequency. For the IRIS radio, the
DAC frequency is 50 MHz. Thus the chip rate must be equal to 50 MHz divided by an
integer, K. Once the chip rate is specified, the roll-off factor can be determined from
the desired channel bandwidth. For the IRIS radio with a DAC frequency of 50 MHz,
this provides a few options shown in Table II-2 below. A smaller roll-off factor (𝛽)
creates a flatter spectrum which is more desirable for DDOR, so only 𝛽 < 0.5 are
shown.
Table II-2: IRIS PN Chip Rate and Roll-Off Factor Options

𝑲
7

𝟓𝟎 𝑴𝑯𝒛
𝑹𝒄 = =
C
𝑲
7.14 Mcps

𝜷
0.12
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6.25 Mcps
5.56 Mcps

0.28
0.44

For the IRIS radio, K=7 was chosen to because it had the smallest roll-off factor. A
smaller roll-off factor creates a flatter spectrum than larger roll-off factors. Thus the
IRIS chip rate is equal to 7.14 Mcps and the roll-off factor is equal to 0.12.
One final consideration is the analog distortion present in the transmitter. Although
the digital spectrum will be flat, analog distortion after the software defined radio can
cause a shaped spectrum. To closely resemble a quasar signal the PN spectrum should
be flat. For the IRIS radio, the analog distortion caused a shaping of about 3dB across
the 8 MHz bandwidth, as shown in Figure II-1.

Figure II-1: Shaped IRIS 200 MHz Spectrum

To correct this effect, a pre-distortion filter was designed to cancel the distortion
effect. The final IRIS design was then tested at a DSN test facility. The resulting
channel spectrum is shown below in Figure II-2. It is clear that the corresponding
spectrum fills the desired 8 MHz channel bandwidth with a flat quasar-like spectrum.
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Figure II-2: IRIS PN Channel Spectrum

The wider 50 MHz spectrum plot shows the ±1 harmonics with a spanned bandwidth
of 38 MHz and is shown below in Figure II-3.

Figure II-3: IRIS 50 MHz Spectrum

Futhermore, in a 150 MHz spectrum, the ±3 harmonics are also visible with PN
spreading, whereas the ±2 harmonics resemble the classic DDOR spectrum. This is
shown below in Figure II-4.
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Figure II-4: IRIS 150 MHz Spectrum

III.

JPL UST Transmitter (32 MHz Spectrum)

At Ka-band a wider spectrum is required to detect the weaker quasar signals. It is
recommend to use a 32 MHz channel bandwidth. This wider channel bandwidth
cannot be synthesized by the 50 MHz DAC frequency of the IRIS radio. Instead JPL’s
Universal Space Transponder (UST) was used. The UST has a DAC frequency of 150
MHz and is capable of synthesizing the wider channel bandwidths with also a wider
spanned bandwidth. Both of these features are required to maintain high DDOR
accuracy at Ka-band.
The same design process outlined in Section II was used to design the UST radio PN
DDOR implementation. The only difference is the wider channel bandwidth of 32
MHz and higher DAC frequency of 150 MHz. Repeating Equation 3 with 𝐵𝑊 = 32
MHz and bounded by 𝛽 = 0 and 𝛽 = 1, yields that a 15 bit gold code circuit
generator must be used to satisfy the ephermis uncertainty constraint.
With the number of bits known to be 15. Pairs of Gold Code polynomials can be
tabulated as below in Table III-1. Note that there are many pairs possible, and only a
subset are shown here.
Table III-1: UST Gold Code Polynomial Pairs

Pair 1
Pair 2
Pair 3

Polynomial 1
[15 11 0]
[15 11 0]
[15 8 0]

Polynomial 2
[15 12 11 3 0]
[15 11 10 5 0]
[15 12 8 3 0]
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Pair 1 was chosen for the UST, but any polynomial pair provides equal performance.
The only reason to pick a particular pair is that for a group of satellites, all satellites
must use the same polynomial pair to avoid interference between spacecraft.
The chip rate and roll-off factor are then determined based on the digitial-to-analog
(DAC) frequency of the radio. For implementation convenience, the implemented
chip rate must be an integer fraction of the DAC frequency. For the UST radio, the
DAC frequency is 150 MHz. Thus the chip rate must be equal to 150 MHz divided by
an integer, K. Once the chip rate is specified, the roll-off factor can be determined
from the desired channel bandwidth. For the UST radio with a DAC frequency of 150
MHz, this provides a few options shown in Table III-2 below. A smaller roll-off
factor (𝛽) creates a flatter spectrum which is more desirable for DDOR, so only the
options where 𝛽 < 0.5 are shown.
Table III-2: UST PN Chip Rate and Roll-Off Factor Options

𝑲
5
6
7

𝟏𝟓𝟎 𝑴𝑯𝒛
𝜷
𝑹𝒄 = =
C
𝑲
30.0 Mcps
0.07
25.0 Mcps
0.28
21.4 Mcps
0.49

For the UST radio, K=5 was chosen to because it had the smallest roll-off factor. A
smaller roll-off factor creates a flatter spectrum than larger roll-off factors, and thus
the chip rate is equal to 30.0 Mcps and the roll-off factor is equal to 0.07.
These parameters were integrated into the UST firmware and then tested with DSN
test equipment. A 500 MHz bandwidth is shown below in Figure III-1. It is clear that
the designed PN code and corresponding spectrum fills the desired 32 MHz channel
bandwidth. The spanned bandwidth is limited by the 150 MHz DAC frequency and so
the PN DOR signals span 100 MHz. Also, the UST Ka-band slice responsible for
broadcasting the digital spectrum at RF is still under development. The X-band slice
was used for testing and development which is why the spectrum below shows Xband.
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Figure III-1: UST 500 MHz Spectrum

The 150 MHz DAC frequency limits the spanned bandwidth of the PN signals such
that the maximum recommended subcarrier frequency in RFM 20-04 is not possible
with this transmitter. An alternative implementation is to have the carrier frequency
switch (or hop) between two frequencies while leaving the digital spectrum, and PN
channel spacing, the same. This frequency hopping scheme was tested on the UST by
having the carrier frequency switch back-and-forth by 150 MHz. This allowed for a
250 MHz spanned bandwidth. This scheme is best illustrated by the illustration in
Figure III-2. For the UST testing the carrier switched frequencies every second.

Figure III-2: UST Frequency Hopping Scheme

It is expected that a future version of the UST will operate at a higher DAC frequency
which allow for the transmission of the recommended ±153 MHz DOR subcarriers for
Ka-band.
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Summary

The proposed recommendations in RFM 20-04 were implemented in two JPL
transmitters: the IRIS cubesat radio and the UST deep space radio. These two reference
designs implemented at JPL show that the PN DDOR recommendations presented in
RFM 20-04 can be reasonably implemented with current technology. The full DDOR
accuracy of the recommendations are still limited by the current DAC frequency of
today’s transmitters, but there is a frequency hopping scheme that can meet these
requirements. The hope is that these implementations will be space tested soon and
enable a new increase of accuracy to DDOR.
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