20

21

22

23

24

IEEE AEROSPACE AND ELECTRONIC SYSTEMS

A Frequency Diversity Algorithm for

Extending the Radar Doppler Velocity Nyquist

Interval

V. Venkatesh*, L. Lif, M. McLinden!, M. Coon', G. M. HeymsﬁeldT
* Jet Propulsion Lab ' NASA/Goddard Space Flight Center

Abstract

Compact millimeter wavelength radars have been widely used for applications such as remote
sensing of clouds, guidance avionics and recently, automotive navigation. However, the short wavelength
of these radars limit their maximum unambiguous Doppler velocity. A common solution to this problem
is to subsequently unfold the Doppler velocity estimate with the staggered pulse repetition time (PRT)
algorithm, which requires two different PRTs to be employed in sequence. This work investigates a novel
and potentially more rapid method to extend the Doppler velocity Nyquist interval. The investigated
algorithm uses a pair of frequency diverse pulses separated by a short time lag for Doppler velocity
estimation while the unambiguous range still corresponds to the pulse repetition time employed. During
the first PRT, two pulses with center frequencies f; followed by fo separated by a lag 7 are transmitted.
During the next PRT, the pulses transmitted are in the order f, followed by fi. Doppler velocity is
then estimated using the sum of the Doppler phases derived from f1/fs and fo/f1 sequences. Based
on Monte-Carlo simulations and data collected with the NASA Goddard Space Flight center (GSFC)
Cloud Radar System (CRS), the algorithm is demonstrated on surface echoes. Projected aircraft speeds
and traditional pulse-pair estimates were employed as a reference. The novel algorithm was found to
perform adequately for a low spectrum width of the order of 0.5 m/s and SNR better than 20 dB. A
simple-point target based model is used to interpret results, and simulations are used as a baseline to

transition from point-target to surface scattering scenarios.
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Millimeter wave radar, algorithm design, data analysis, signal processing, Doppler velocity. Fre-

quency diversity, pulse-pair.

I. INTRODUCTION

Millimeter wave radars have been used for applications such as atmospheric remote sensing
[1], [2], [3], target tracking [4], [S], guidance and navigation [6], [7]. In part, the popularity of
these millimeter wave radars is because short wavelengths (\) allow fine angular resolution to
be realized while still allowing for physically small and lightweight designs. The choice of a

short wavelength however exacerbates the range-Doppler ambiguity dilemma in pulse trains. For

A
aT

a given pulse repetition time (7'), the unambiguous Doppler velocity (v,) is given by v, =
while the unambiguous range (R,) is given by R, = % Since pulse repetition time is directly
proportional to R, but inversely proportional to v,, a “see-saw” trade results. This trade is
exacerbated at short wavelengths, since v, is proportional to A. Millimeter wavelength radars
that are required to have long range coverage often have Doppler Nyquist intervals that are much
smaller than the relative speeds of target with respect to the platform.

Techniques to mitigate the Doppler-Range ambiguity dilemma have been developed. For
example, the staggered PRT [8] and Polarization Diversity Pulse-Pair (PDPP) [9] techniques
decouple the maximum unambiguous range from the maximum unambiguous Doppler velocity.
The staggered PRT is a multi-rate sampling method that unfolds the Doppler velocity based
on differential aliasing in Doppler velocities measured using 2 unique Pulse Repetition Times
(PRT). The idea is that as the true velocity increases, it aliases onto different values within the two
Doppler Nyquist intervals. Depending on the difference in measured Doppler velocities from the
2 PRTs, a correction is computed. A limitation of the staggered PRT method is that the dwell time
approaches double that of single PRT operation. This is because of the need to estimate Doppler
velocity with sufficient precision sequentially at two lags. The Polarization Diversity Pulse-Pair
method provides more rapid measurements than staggered PRTs by using a significantly shorter
lag 7 between the pulses used for Doppler velocity estimation and eliminating the need for a
dwell with a second PRT. Here, two pulses with orthogonal polarizations are placed within a
PRT and Doppler velocity is estimated by cross-correlating voltages from these two pulses with
orthogonal polarizations. The unambiguous Doppler velocity now corresponds to the lag between

the pair of pulses with orthogonal polarizations, while the unambiguous range still corresponds to
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the PRT. For non-depolarizing scatterers, the cross-polarization isolation of the antenna provides
a mechanism to isolate returns from each polarization. A limitation of this method is the need
for additional microwave hardware such as an orthomode transducer and dual-polarized feeds
for the antenna. Spillage due to finite cross-polarization isolation may further limit the extent
of Doppler retrievals within profiles that have high SNR regions [10]. This is often the case for
downward looking radars because the surface echo is atleast one high SNR region with a profile.

This work investigates a novel approach that uses frequency diverse waveforms for Doppler
velocity estimation [11]-[12]. Relative to the polarization diversity, isolation is traded for co-
herence. For applications where this loss in coherence is not precipitous, digital filters provide
isolation that is several orders of magnitude better than antenna cross-polarization isolation at
millimeter wavelengths. Similar methods have been formulated for use in automotive radars
[13], and the novel part herein is the adaptation and subsequent demonstration to a beam-
filled scenario with non-trivial spectrum width. Numerical simulations and analysis of real
data are used to demonstrate this novel algorithm. The following section outlines a conceptual
formulation of the Frequency Diversity Pulse-Pair algorithm (FDPP) using a point-target model.
Subsequently, numerical simulations are employed as a baseline to transition from point-target
to surface scattering scenarios. Finally, surface echo data is used to demonstrate the algorithm

using projected aircraft speeds and traditional pulse-pair measurements as references.

II. ALGORITHM FORMULATION

The algorithm proposed herein decouples unambiguous velocity from unambiguous range by
employing two frequency shifted waveforms within a pulse repetition period. As shown in Fig.
1, the two transmitted pulses at center frequencies of f; and f, are separated by a time-lag 7.
The order of transmitted frequencies is reversed after every transmit/receive cycle while retaining
the same lag 7. The choice of f; and f; is such that the return signals can be separated by filters
implemented in the digital receiver. Cross-covariances from the two sequences are individually
accumulated and stored (denote as as c1, and co; respectively). Doppler velocity is then estimated
from the sum of the cross-covariance estimates from each pair.

Herein, a simple point target based analysis of the phase estimate produced by the FDPP
algorithm is presented. A more detailed analytical treatise may be found in [11], and we present

a simplified model herein. Denote the received voltage at the antenna at frequency f; due to a
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Fig. 1: Illustration of the Frequency Diverse Pulse-Pair (FDPP) algorithm concept. The first

- b — X

A
l-_}
¥

sequence transmitted has two frequencies f; followed by f; and separated by lag 7. After one
elapsed pulse-repetition time 7, the next transmitted sequence has f> followed by f; separated

by the same lag 7. The concept is that errors and range dependent phase terms between the

f1/fo and fo/ f; pairs cancel out.

point-target at range R as [14]
Vi(t) = Siexp{—2jkR}. (1

For the same range-bin of interest, the received voltage at frequency 2 after a time-lag 7, can

be written as
‘/2<t + T) = Szexp{—ijQ(R + UTT)}a (2)

where v, is the radial velocity of the scatterer towards or away from the radar, S; and S, are
radar system dependent constants. Since this component of velocity causes the most phase shifts,
it suffices to consider this component of scatterer motion alone. Assuming the random process
to be wide-sense stationary, we may omit the dependence on ¢ and express the covariance of

the fi/f, pair as
(c12(7)) = (Vi'Va(7)) = S1.S2eaxp{—[2j(ks — k1) R + (2k2v:7)]}, 3)
During the next pulse repetition interval, the covariance of the fo/f; pair is
(ca1(7)) = (ViVA(7)) = SiSaeap{—[2j (k1 — k2) R + (2k1v:7)]}. )
Now denote the phase of the covariances as
(Ap12) = Z{era(7)), ®)
(Agg1) = Llea(7))- (6)
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The sum of the phases of the two covariances can be written as
(A®) = (Ag1z) + (Aga). (7
Using (3) and (4) in (7), the phase of the covariance sum simplifies as
(AD) = 2(ky + k2)T v, (8)

The implementation we consider herein typically has frequencies that are separated by several
MHz for a millimeter wave radar, such as a 94 GHz W-band radar system. Therefore, we

approximate k; + ko =~ 2k;. The above equation simplifies to

1
N 4k17

Since all values other than AP are solely system dependent, the radial component of target

(AD). 9)

vy

mean radial velocity v, can be obtained from the ensemble-averaged A®. Two comments about
the Nyquist velocity of the frequency diversity pulse-pair estimates are in order. First, for a
given lag 7 the Nyquist interval is diminished by a factor of 2 compared to a traditional pulse-
pair or a polarization diversity pulse-pair. This is because the frequency diversity pulse-pair
algorithm accumulates two phase estimates A¢;, and A¢gy; and each of these variables that form
the resultant sum have a range of variation from [—m, 7|. This is in contrast to the traditional
pulse-pair algorithm which directly uses a phase estimate ranging from [—7, 7]. Second, the
frequency diversity pulse-pair algorithm developed herein allows an extension of the Nyquist
interval as compared to a traditional pulse-pair which necessarily needs long lags to accommodate
sufficiently large unambiguous ranges. For example, if the FDPP estimate is obtained with a lag
7 and the traditional pulse-pair estimate is obtained with a lag 7', then the Nyquist interval of
the FDPP algorithm is improved by a factor .

A brief analysis of the variance of A® reveals a mechanism that partially alleviates the loss of
pulse-pair coherence due to Rayleigh fading. Let V ar denote the variance operator, C'ov denote
the covariance operator and p denote the correlation operator for the random variables A®q,

and A®,;. From (7), we know that
VaT(ACID) = VCLT(A(I)IQ) + VCL’I"<A<D21). + 2OOU(A(I)12, A(I)Ql) (10)

Now, the covariance term can be conveniently decomposed as

COU(A(I)127 A(I)Ql) = p(A(I)127 A(I)Ql) . \/V&T(A(I)lg) . VCLT’(A(I)Z[) (11)
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Since the same time-lag 7 is used for the fi/fy pair and the fo/f; pair, Var(Ad,) =
vaT’(AqDQI),

Cov(Ad1s, ADyy) = p(AD1o, ADyy) - Var(Ady,) (12)
From the above relationships,
Var(A®) = 2Var(Ad®iz) + 2p(Ad1a, AdDsy) - 0(AP12) (13)
Rearranging terms in (13),
Var(A®) = 2Var(Ad®is)[1 + p(AdD, Ady; )] (14)

From (14), we see that as p(A®5, Ady) tends to -1, Var(AdP) tends to 0. In other words,
the variances of the fi/fs and f5/f; phase estimates can be large since there is little correlation
between the f; and f, pulses. However, if the fi/f; and fo/f; phase estimates are highly anti-
correlated, the sum of the two phase estimates has a much smaller variance. For sufficiently small
Doppler velocities in (3) and (4), it can be shown than p(A®5, Ady;) = —p(Ad5, Ady,). For
low velocity turbulence and short lags, it appears reasonable to approximate the auto-correlation
p(Ady5) ~ 1. This is turn results in p(AdPy, Ay ) ~ —1.

Note that a similar identity was first exploited on contiguous pulse-pairs [15]. The difference
here is that alternating fi/f> and fy/f; pairs brings about an anti-correlation, as opposed to
the “common pulse” in contiguous pulse-pairs. The algorithm herein has more similarities
to the alternating polarization sequence used for “Differential propagation phase shift” (®pp)
measurements in [16]. In that case, it was shown that the correlation between phase estimates
from an alternately reversing sequence approaches -1 for zero spectrum width and SNR > 20

dB (equation 6.57 in [17]).

III. PERFORMANCE EVALUATION
A. Simulations

The point-target based model in the earlier section was solely meant to aid interpretation.
Numerical simulations are used as a baseline to go from point-target to beam-filled scattering.
The approach to simulations adopted herein is to compute backscattered voltages using a Monte-
Carlo like simulator [18] and estimate the phases at lag 7 on the simulated voltages. The voltage

at the radar receiver due to a collection of scatterers is given as
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Fig. 2: Monte-Carlo simulations showing the frequency diversity Doppler estimation algorithm
concept. As the number of scatterers increase, the f1/f2 and f2/f1 pair phases become increasingly
“noisy”. Nonetheless, the composite phase (sum of f1/f2 and f2/f1 phase) produces a good

estimate of Doppler velocity for trivial spectrum width.

NS
V(t) =W AyRyexp{—2jkr,}.

n=1

(15)

143 Here, W is the radar constant for beam-filled surface scattering. Further, n denotes the n'”

14 scatterer, A, denotes the antenna weighting function and R,, denotes the range weighting function
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evaluated for the n'" scatterer. The antenna weighting function is defined below

A(X,,Y,) = exp {_ (Xo — X,)? B (Yo — Yn)Z}

2 2 2,2
2ryoy, 2rgog

(16)

where the antenna phase center is denoted by [Xy, Y] and is the origin for the co-ordinate
system adopted herein. The scatterer locations are indicated by [X,,,Y,,] and o, and oy are the
second central moments of the effective two way antenna patterns in the azimuthal and elevation

planes respectively. These are related to antenna 3-dB beamwidths by the relationship

0
Gy = 3dB (17)
(8 % In2)
where, 03,5 denotes the antenna 3 dB beamwidth. The range weighting function is given by
Zy — Z,)?
R(Z,) :exp{—%} (18)
20%

where, Z; is the range to the center of the resolution volume and 7, indicates the scatterer
location [18]. The location of each scatterer is updated at every pulse repetition interval 7 using
the relationship ﬁn = ﬁn + v, 7. Here, an denotes the three-dimensional position of the scatterer
and v,, denotes the velocity of each scatterer. Each component of three-dimensional velocity
is in turn decomposed into deterministic and random velocity components. Gaussian distributed
zero-mean random variables are used to synthesize the turbulent velocity fields. As the scatterers
evolve, the voltages at the frequencies of interest are obtained in a manner consistent with Fig.
1. After scaling to the desired SNR, thermal noise is added to the synthesized signals at the
respective frequencies before the phase estimates are produced, after scaling for the desired SNR.
Phase estimates at the lag 7 are then obtained for the sequences fi/f, and fo/f;. These phase
estimates are then added and subsequently scaled using equation (9) to obtain Doppler velocity.

Fig. 2 shows simulated estimates of Doppler velocity using the frequency diverse algorithm
for a dwell time of 100 ms. Here, “composite phase” is the sum of the fi/f; and fo/f, phases
after wrapping into the interval [—m,7]. As is evident in Fig. 2a and Fig. 2c, the algorithm works
well for a point scatterer. As the number of scatterers alone is increased, the estimator still holds
up well. But the combination of Rayleigh fading and spectrum width degrades the precision of
the Doppler estimate. Consequently, the application of the algorithm is limited to beam-filled

scenarios with low spectrum width.
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B. Data analysis

To evaluate performance, the FDPP technique was implemented on the NASA Goddard Space
Flight Center (GSFC) W-band Cloud Radar System (CRS) during the 2015 NASA Olympic
Mountain Experiment (OLYMPEX) and the 2017 NOAA Geostationary Operational Environ-
mental Satellite R (GOES-R) series calibration campaign. During these field campaigns, CRS
was installed on the NASA ER-2 aircraft along with the other sensors for cloud and precipi-
tation observation. Fig. 3 shows qualitative comparisons of FDPP retrievals on isolated surface
echoes with traditional pulse-pair measurements. Simulations are used as a baseline to interpret
differences between traditional pulse-pair and FDPP Doppler estimates. CRS was mounted on
an ER-2 aircraft with the antenna pointed near nadir. Pointing angle deviations away from nadir
are introduced because of antenna mounting errors and aircraft attitude. In turn, this induces
a non-zero surface velocity measurement due the motion of the aircraft. In Fig. 3, “Measured
pulse-pair velocities” shown in Fig. 3a and the error sources shown in Fig. 3b were used as
inputs to the simulation. The simulation output is shown by the red dotted line in Fig. 3a and
aids interpretation of the FDPP algorithm performance. Two comments are in order. First, FDPP
estimates of Doppler velocity are in reasonable agreement with traditional pulse-pair Doppler
velocity estimates in regions of high SNR (i.e. of the order of 20 dB). This constitutes a qualitative
demonstration of the algorithm concept developed herein. Second, both FDPP measurements
from CRS and simulations show large deviations from the pulse-pair Doppler velocity estimate
in regions of low SNR (i.e. comparable to 0 dB). This is because the error cancellation mechanism
of the FDPP algorithm relies on high anti-correlation between the f;/f> pair and the f5/f; pair.

Recall that thermal noise is merely uncorrelated.



IEEE AEROSPACE AND ELECTRONIC SYSTEMS 10

-4 T b T T T

Measured pulse-pair velocities
Measured FDPP velocities .
Simulated FDPP velocities ---- - - - - -

Doppler velocity (m/s)
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0 100 200 300 400 500 600
Time (s)

Fig. 3: Top - Evaluation of frequency diversity Doppler velocity measurements using traditional
pulse-pair measurements as a reference. Simulations are employed as a baseline for interpretation.
While the FDPP algorithm performs well for SNR of the order of 20 dB, both measurements
and simulations show that the algorithm has poor immunity to thermal noise. Bottom - SNR and
spectrum width corresponding to the duration over which the measurements were made. The

“blue” line corresponds to SNR in dB and the “red” line corresponds to Spectrum width in m/s.
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Fig. 4. Comparison of FDPP and pulse-pair measurements of Doppler velocity using projected
aircraft speed as a reference. Top - While traditional pulse-pair estimates are aliased, FDPP
estimates of Doppler velocity agree with aircraft speed projections on the radar look vector.
However, unfolded pulse-pair velocities using the pulse-pair as reference show that the FDPP
has a higher standard deviation relative to the traditional pulse-pair estimator. Bottom - The
probability density functions of simulated FDPP Doppler estimates are in qualitative agreement

with measurements. The simulations herein used projected aircraft speeds as input.
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Fig. 5: Cloud radar System (CRS) Doppler velocity measurements from the NOAA GOES-
R validation campaign. The dataset was collected on May 17th, 2017 at 03:53 UTC with the
antenna was pointing “nearly” at nadir. Top - Traditional pulse-pair measurements in clouds show
significant folding over the flight segment. Bottom - Frequency Diverse Pulse-pair measurements
(FDPP) in clouds show little folding over the same flight segment. Surface Doppler measurements

show little folding in both cases and are better suited for subsequent quantitative comparisons.

During one of the GOES-R flights, the ER-2 aircraft pilot performed high pitch maneuvers. For
one of these high pitched measurements, Fig. 4 shows FDPP measurements of Doppler velocity
compared to conventional pulse-pair velocities using projected aircraft speed as a reference. The
aircraft attitude was recorded using an Inertial Motion Unit and measured velocity, roll, pitch,
and heading. The geometric projection of the aircraft motion vector onto the radar look vector
gives the radial velocity that is employed as a reference herein. To compute this projection, two

coordinate system are defined; track relative and aircraft relative. The track relative coordinate
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system is assumed to be static and representative of aircraft motion. The aircraft relative coordi-
nate system express the orientation of the aircraft for a given roll, pitch, and drift. The rotation
of the aircraft relative coordinate system can be mapped to track relative coordinate system using

3 rotation matrices [19]

1 0 0
Mp =10 cos(P) —sin(P)|,
0 sin(P) —cos(P)

cos(D) —sin(D) 0
Mp = |sin(D) cos(D) 0], (19)
0 0 1

cos(R) 0 sin(R)
Mg = 0 10
—sin(R) 0 cos(R)

The initial look vector of the antenna is given by

Tq cos(1,)sin(0,)
Xo= |ya| = sin(7,) . (20)
24 cos(0,)cos(1,)

The off-nadir pitch offset of 2.8 degrees in Fig. 4 corresponds to 6, = 7 and7, = 27 — 2.8° in

equation (21). Finally, the rotation order is given by:
Xy = MiMpMrX, 21

where X, is the track relative coordinate and X, is the aircraft relative coordinate system.
Finally, the dot-product of X; with the Cartesian aircraft motion vector gives the projected radial
velocity. Using the projected radial velocity as a reference, we note that the FDPP measurements
of Doppler velocity are in qualitative agreement in the expected value sense, while traditional
pulse pair velocities are aliased. The pulse-pair velocities shown herein correspond to a pulse
repetition time of 247 micro-seconds. However, the conventional pulse-pair measurements have

a lower standard deviation than the FDPP estimates of Doppler velocity. This is because of the
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inevitable loss of coherence due to frequency swinging. Since pulse-pair estimates are already
available in the time-series, we find that the best estimator of Doppler velocity is to use the
FDPP as a reference to unfold traditional pulse-pair estimates. In this manner, the higher Doppler
Nyquist interval of the FDPP for sufficiently high SNR may be combined with the lower standard
deviation of the pulse-pair estimates. Lastly, the simulated statistics using the aircraft speed
projections as input are in qualitative agreement with measurements for dwell times of 0.5
seconds. This validates the simulation methodology and the deductions made therein.

Fig. 5 shows Doppler velocity estimates made with the traditional pulse-pair algorithm and
the frequency diverse method investigated herein. Here, the surface is at an altitude that is nearly
0 km while a thin layer of cirrus cloud is at an altitude of approximately 7.5 km. We see that
there is little folding in the FDPP and traditional pulse-pair measurements from surface echoes
with little motion along the radial direction. But the upward motion of the cirrus cloud makes
traditional pulse-pair estimates of Doppler velocity fold more than the FDPP Doppler estimate.
Here, traditional pulse-pair Doppler velocity estimates were made with a PRT of 504 micro-
seconds. We also note that the FDPP algorithm yields noisier estimates on clouds as compared to
a nearly static surface. This can be attributed to the loss in coherence in clouds relative to surface
echoes. For the dataset shown here, the mean coherence in the surface echoes was 0.92 while the
mean coherence in the cloud layer was 0.06. The reason we get some coherent Doppler velocity
structure in the clouds is because significant phase anti-correlation brings about a cancellation of
the variances of the fi/f, and the fo/f; pairs. Notwithstanding, we see that there is significantly
less folding in the FDPP Doppler estimate in the cloud layer compared to traditional pulse-pair
Doppler measurements. This shows that the frequency diversity algorithm investigated herein
has a wider Nyquist interval for the Doppler velocity estimate relative to traditional pulse-pair
measurements. However, it appears based on data that the FDPP Doppler estimates from surface
echoes have significantly better precision than Doppler retrievals in clouds. This may potentially
be attributed to differences in scattering mechanisms and are not well understood at this juncture.
Further study is necessary in order to benchmark and potentially optimize the performance of

the FDPP algorithm across there scattering mechanisms.
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IV. SUMMARY

Waveforms with frequency diversity have been employed for mitigating the range-Doppler
ambiguity dilemma in automotive radars [13]. The novel part in this work was the random
phase error and range dependent term self-cancelling algorithm design and the demonstration in
a beam-filled scenario. With modern waveform generation, digital receiver and solid-state power
amplifier technologies, the frequency diversity algorithm can be implemented without additional
hardware such as a second millimeter wave receive chain. The transmit waveform sequence was
muliplexed in time through the transmitter and already available electronics in the radar system.
On receive, digital filters isolated returns from each of the frequencies. During the first PRT,
the radar system transmitted a sequence of two pulses modulated by frequencies f; and f5 in
that order. During the next PRT, the order of f; and f; were reversed. The sum of the phase
estimates from the f1/fs and fo/ f; pairs yielded a composite phase which is linearly proportional
to Doppler velocity.

The algorithm concept was investigated using Monte-Carlo simulations and data collected with
the NASA GSFC’s Cloud Radar System. A simple point-target based analytical formulation
enabled interpretation of results. Simulations were employed to go between point-target and
surface scattering. On data collected with the NASA Cloud Radar System, the surface echo
Doppler estimates made with the FDPP algorithm were in reasonable agreement with traditional
pulse-pair velocites for a low antenna pitch offset. On a flight where aircraft maneuvers were
performed to result in high antenna pitch angles, the pulse-pair Doppler velocities from the
surface were aliased while the FDPP Doppler estimate was in agreement with projected aircraft
speed. The algorithm was found to perform well for a spectrum width of about 0.5 m/s and
SNR greater than 20 dB. There were two mechanisms for error reduction. First, the phases due
to the difference frequency from the fi/f; and f5/f, pairs canceled out in the expected value
sense. Second, the sum of the two phase estimates has a much smaller variance relative to the
individual phase estimates since the fi/f; and fo/f; phase estimates are highly anti-correlated.

FDPP Doppler estimates in clouds were found to have lower precision than surface echoes.
However, the lack of sufficient SNR in clouds made it difficult to attribute differences in precision
due to the scattering mechanism alone. Future work may focus on using the frequency diverse

pulse-pair as a reference to optimally unfold Doppler estimates from a single PRT. In addition
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271 to being used for correcting air-borne antenna pointing errors using the surface echo, this FDPP
272 algorithm may also be investigated for use in terminal descent sensors that provide spacecraft

273 guidance and navigation signals [20].
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