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Angle Measurement with a Phase Monopulse
Radar Altimeter

J. Robert JenserMember, IEEE

Abstract—It is possible to enhance the conventional satellite
radar altimeter in such a way that the range measurement is
accompanied by an angle measurement. This is useful if the 4.
applications of these altimeters are to be expanded to include phase
nonlevel surfaces such as continental ice sheets and land. The  front
angle measurement can be made in one or two directions through by
the inclusion of one or two additional antennas and receiver chan-
nels and the integration of complex “cross-channel” waveforms
whose phase indicates the angle to the point of first reflection
from the scattering surface. This paper develops the measurement
concept and establishes the precision of the resulting elevation
measurement through an analysis of the dominant sources of
error within the instrument. It is shown through analysis and compressed
numerical simulation that elevation errors over a flat tilted pulse
diffusely scattering surface can be maintained below the 1-cm width
level. The impact of antenna pointing and surface roughness are
considered. /4
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Index Terms—Electromagnetic scattering inverse problems,
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range response is constant range response is variable
I. INTRODUCTION 9¢ resp const ge resp .
measurement area is variable measurement area is constant

LL SATELLITE altimeters measure range by transmiti:_ Y . for pulse-limited and b limited altimet
. . . 1. Measurement response for pulse-limited and beam-limited altimeters
tmg_a pulse that is reﬂeCted by _the _Earth surface baﬁ&r level and tilted surfaces. Surface tilt moves the measurement area but not
to a receiver. The round-trip propagation time for the pulse tige measurement response for a pulse-limited instrument. For a beam-limited
converted to range. The precise measurement of range frijfument, however, the measurement area is unaffected but the response is
. . . . roadened.
a profile of reflected power varies with each instrument. Fol-

lowing conventional radar altimeter terminology, this profile

will be referred to in this paper as the altimeter “waveform.grfaces except for the effects of antenna weighting so long as

The characteristics of this waveform in ocean applications &g point of first reflection remains within the illuminated area.

well described in the literature [1], [2]. ~ These antenna effects are absent to first order in the surface
Satellite radar altimeters such as Topex are “pulse Ilmlteg]’ope and become significant only as the slope approaches half

in the sense that the radiated phase front meets the scattegpghe radar beamwidth. The Topex beamwidth of about 1.2
surface over an area that is limited by the (compressqg)typica| for a pulse-limited radar altimeter.

width of the transmitted pulse. Laser altimeters, by contrast,\ynije the shape of the waveform is not altered for small

are “*beam limited” in that this area is limited by the transg(tace slopes, the range measurement is directly affected. For

mit/receive beamwidth of the system. This results in quite aealiite altitude of 800 km, a surface slope of°Or@sults
different responses of these two systems to scatten_ng_ surfagfe distance to the nearest point on the surface being 1.2 m
that have a mean slope. The geometry of pulse-limited apdiq than the distance to the nadir point. Without information
beam-limited altimeter systems over level and tilted sun‘acgﬁout the surface slope, the measured range is interpreted as

is shown in Fig. 1. being the distance to the nadir point and so a 1.2 m error is

As shown in Fig. 1, surface tilt causes the measuremept, ey, By comparison, we would like to have an elevation

are(zjg for.tr:eb pulse-llrtnhlted altimeter tot move avx;ay from t? er(isurement accuracy below 10 cm in order to support long
nadir point because e measurement area 1S aways cen ice sheet monitoring since this is the level of observed

around the point on the scattering surface that is nearest to(IJl =) expected changes [3] (see also, the discussion in [4] and
altimeter. The waveform is the same for the level and tilt '

D)-
While some of the slope induced errors can be removed
Manuscript received April 8, 1997; revised November 25, 1997. through a process of estimating the surface slope and comput-
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D may be employed alone, however, to produce a determination
§ -, — of the measurement area position in two dimensions.

path length difference

=D sin(ag)

electrical phase difference

altimeter antennas Il

displaced across-track . INSTRUMENT ANALYSIS

g\\ ag = surface slope A. Height Error Definition

€ = errorin angle measurement The ultimate goal of the altimeter angle measurement is an

elevation determination. Angle errors will result in elevation

=2n D sin(og)/A S A
errors. The proper definition of the elevation error must
account for the pulse-limited nature of the radar altimeter range
measurement. The range and angle combine to produce both a
clevation horizontal and.a vertical position of the pqint of first reflection
error due on the scattering surface as shown in Fig. 2. An angle error
v ‘09?23'6 will affect both components of the position. The elevation error
is defined in this paper as the difference between the measured
A — perceived elevation and the elevation of the true surface at the measured

ol poniduoto horizontal position. |
point  fromsurface  2"9Ie €O At the small incidence angles of interest here, range errors

will translate directly into elevation errors and so range errors
Fig. 2. lllustration of the phase comparison monopulse angle measurem

Without an angle measurement, the range is taken to be that of the subsate iﬁé be an additive error source. Errors in the range measure-

point. The angle measurement determines the horizontal and vertical positiBgnt Will be ignored in this section while we focus on angle

of the surface at the measurement point. It should be noted that the erroefsors.

defined as the difference between the elevation of the inferred measuremenThe altimeter will be located at a heigH above a surface
point and the elevation of the surface at the horizontal position of the inferred . i
measurement point. with slopeag. The actual range and angle to the point-of-first-

reflection on the scattering surface &/, «), where

of radar altimeters for applications such as measuring the R = H cos(ao). 1)
continental ice mass balance and toward alternatives such .
as the GLAS laser altimeter [8]. Abandonment of radar fglﬁqe measured range and angle @ﬁ? a0 +¢) where_s IS the_ .
o ) . ngle measurement error. The horizontal and vertical positions
such applications results in the loss of some inherent streng
) . -~ Jnferred from the measurements are

of radar systems. These include the ability to operate in the
presence of cloud cover, which is significant in polar regions, z =R sin(w +¢) = H cos(w) sin(ag + €) (2)
and the ability to include a statistically significant, large area  , — _R cos(qg + ) = —H cos(ap) cos(ag +¢)  (3)
of the surface within each range measurement.

This paper will establish that the addition of an angle me#here the vertical position is measured relative to the altimeter
surement capability to a conventional satellite radar altimete@sition. The angle error may be due to a combination of
is practical and that it results in high-precision elevatiopacecraft attitude knowledge errors and instrument measure-
measurements over tilting surfaces. The angle measuremerf@nt errors. - _ .
accomplished through the addition of a receive-only antennalhe vertical position of the scattering surface at positios
and a second receiver channel to a radar altimeter. A phase 7= —H +z tan(ao) )
difference between the backscattered pulse at the two antennas i
indicates the angle of the scattering as shown in Fig. &nd the elevation error is
The details of implementing this angle measurement and the } He?
statistical performance of the resulting system are presented z—Z=H[l—cos(e)] ~ 5 (5)

in subsequent sections of this paper. While only a single . . N . . .
d Pap y 9 It is quite significant that the elevation error is without a

angle measurement will be considered here, it is possiblel.to q d th | d without a d d
generalize the results to the measurement of two angles 'ﬂ‘netir ep;an enlce onTh_e ?r:lg ee]rcror atr;] Wi Ioul_a_tegentence
perpendicular planes. on the surface slope. This follows from the pulse-limited nature

It is expected that the most useful implementation of th%f _tfledmeasgrelrlnentt. Bé’. cor_1|;[rast,da beam-hmlteddlnstrume?t
angle measurement described here will be in conjuncti&?me nominafly at nadir Wil produce a measured range o

with another altimeter enhancement referred to as the “de- R _ H ©6)
lay/Doppler” altimeter [9]. This concept is described in a beam = Cos(e) + sin(e) tan(ao)

companion paper [10]. Together, this allows for a control of th
measurement area position in the along-track direction throug
the use the delay/Doppler technique and a determination ofg, ... — H = .H —

the measurement area position in the across-track direction cos(e) + sin(e) tan(co)

through the angle measurement. These techniques complement _ He? (142 tan(ao)) — He tan(ao). (7)

~

each other by working at right angles. The angle measurement 2

d the elevation error is
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When the surface slope is zero, there is no distinction
between the pulse-limited and beam-limited elevation error
expressions. However, if slope is present, then the impact of
an attitude error, for example, will be quite different for the two
instruments. If we consider an altitude of 800 km, a surface
slope of 0.5, and an attitude error of 0.01(175 prad), the
pulse-limited elevation error is 1.22 cm while the beam-limited
elevation error is two orders of magnitude larger at 1.22 m.

A pulse-limited system will combine the errors due to

range measurement at half power
point of waveform magnitude

cross waveform power

J
I

. . . . [l
attitude determination with errors due to the backscatter an- 8
gle measurement. Only the attitude errors are present in a g>
beam-limited system. However, as we see in this example, o ,

.. . . 2 phase measurement at distance

the pulse-limited instrument has reduced attitude knowledge g of range measurment
requirements and lacks a strong attitude control requirement. 2
We can also see that the total angle noise must be at thé 0.01 S
level in order to support centimeter scale elevation precision. relative distance
SUCh_ precision is possible with a reasonable radar altlmet'%{ 3. lllustration of the process of determining range and angle from
as will be demonstrated below. the direct and cross-channel altimeter waveforms. The waveform magnitude

establishes the point at which the waveform phase is extracted to determine
the measurement geometry.

B. Angle Measurement Procedure

The procedure for making an ang|e measurement W|th|n|@d|ng edge, so the phase of the cross-channel waveform there
radar altimeter follows the same lines as the signal processiifj be meaningless. At the leading edge, the phase will have
within a conventional instrument such as Topex [11]. Afihe most stability as will be shown below.
of the processing of the reflected signal in a conventional The phase of the cross-channel waveform is determined by
altimeter is duplicated in a second receiving channel througfte path length difference between the two antennas and the
the Fourier transform that converts frequency offsets to ranggint of first reflection on the scattering surface. The mean
offsets. At this point in a conventional system, the phase ¥@lue of the cross-channel waveform phase (in radians) is
the tran;form is Fhrown away and only the power within each 6 = kD sin(a) ~ kDa (8)
range bin is of interest. These square-magnitude values are
integrated over many pulses to reduce the coherent speckfeerek is the radar wavenumbeés=27 /), D is the separation
(or Rayleigh fading) noise. Prior to averaging, each range b the antenna phase centers, ands the angle between the
has a power that is distributed as a chi-square variate wigflecting point and a line normal to the antenna separation.
two degrees of freedom. Averaging increases the number offhroughout this paper, the quantities of interest will be
degrees of freedom and the total improvement depends on ilfustrated with the example parameters shown in Table I. Here
independence of successive pulses. we consider aKu-band radar (2.2-cm wavelength) with a

Within an angle measuring altimeter, this procedure &eparation of 0.6 m, the relationship between the measured
followed for one (or both) of the receiving channels, but iphase and the geometric angle is
addition, a complex cross-channel waveform is produced by 0= 171.36

R . = .36 (9)
multiplying the transform output of one channel, range bin
by range bin, and the complex conjugate of the transfor@ombined with our determination above that angle measure-
output of the other channel. The phase of each value in tingent precision on the order of 0.0Will be required in order
cross-channel waveform indicates the phase difference of thesupport elevation precision on the order of 1 cm, we see
backscattered pulse at the two antennas. These cross-chaheed that phase measurement precision must be on the order
waveforms are integrated over many pulses as before, with tfel.4°. This is a strict requirement, but it is practical given
only difference being that we are integrating complex rathére amount of integration available to either a conventional
than real values. or a delay/Doppler radar altimeter. (The amount of available

The angle is determined from the integrated waveform ligtegration for the delay/Doppler radar can be larger than for
its phase at the surface range. The range to the scattetimg conventional altimeter in spite of the coherent processing
surface is determined through processing either the direbecause of the higher allowed pulse repetition rates and
channel or the cross-channel waveform in the conventiori@cause integration is performed over the entire time that a
sense (e.g., gate tracking for Topex [11]). After this range haseasurement area is within the antenna beamwidth [10].)
been determined, the phase of the cross-channel waveform alVe can also see here that an unambiguous angle mea-
this range is found. Averaging of several waveform samplesrement can be made only over an interval of about.2.5
prior to angle measurement will be useful to some extent afitlis is sufficient for almost all of the continental ice sheets.
will improve the angle measurement precision. If larger angle ranges are required, then a means of grating

Fig. 3 shows idealized waveform power and phase for croede resolution must be included. This may be achieved by
waveforms. Receiver noise dominates prior to the wavefordisplacing the boresights of the two antennas and comparing
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TABLE | The joint probability density function for the complex values
PARAMETERS USED THROUGHOUT THE PAPER TO ILLUSTRATE vy andv_ under the jointly Gaussian assumption is
THE PERFORMANCE OF ANGLE MEASUREMENT STATISTICS
t
1 1 U+ 1 U+
arameter variable value PV, V- ) = ——57~7 €XPy — 5 D (11)
k (4> v-) (2m)2| D) { 2 <v_ = o
radar wavelength A 0.022 m
disol 06 where
aperture displacement D .6 m
P P 1 vyvl v_vy E{|v/*}Y (1 ¢
satellite altitude H 800 km D=_F * * = 5 1 (12)
= 2 vyt v_vt 2 n
antenna beamwidth - 1.5°
and
range resolution A 0.47 . 5 3
= BE{vpv™ }/E{|v|"}. 1
amount of integration N 100 waveforms n { + _}/ {| | } ( )

We will assume here that the mean of the angle measurement
] o _. is zero and so; is real. This simplifies the expressions by
powers in the two receiving channels as was done within thgminating a mean term in the measured angle, but it results
MSX Beacon Receiver [12]. in no loss of generality in the discussion of the statistics of
) o the measurement.
C. Elevation Measurement Statistics The cross-channel product waveform samptle, idefined as
The standard deviation of the elevation error, given the

I . . - = . 14
above definition of the error in (5), is related to the statistics T = - (14)
of the angle measurement as Equation (11) may converted to a probability density function

H for v as
rms{z — 2} = — /E{(a — ap)* 10
Semg sy vElemay A0 o) = 2L 201/
where E{ } is the mean value of the enclosed quantityis (1 —=n?) 1—n?
the measured angle, anrg is the mean value of this angle. 2nR{v}/ E{|v]*}
; X exps ————————= (15)

The mean angle will be equal to the surface slope. 1—n?

In order to compute the standard deviation of the elevation . . .
we therefore need the fourth moment of the measured ang\}'f’err;izﬁ)gs{’[yl}:;]s the real part ofy. Ko( ) is the modified Bessel

The statistics of this angle will be determined from an exact .

L . . . If vy results from the sum ofV independent products of
statistical analysis and also from an approximate expression then we have the result
developed in the next section. VU

o) = 20BN Y 2B}
D. Angle Measurement Statistics NN (N —Dn(1—n2) ~ N1 1—n?
Noise will be present in the angle measurement because X exp 2n0R{yn }/E{|v]*} (16)
the signals present in the two receiver channels are not 1—n? '

perfectly correlated. Thermal receiver noise is one SOUrC&a are interested only in the phasesaf for the angle mea-
of statistical independence in the two channels. UncorrelateGement. The distribution of phase faf = 1 is developed

speckle noise is another. The surface reflection results Q141 The probability density function for the general cuase
the coherent summation of scattering from many mdmdua&an be found to be

small scattering areas. Because the antenna phase centers are

N
separated, these contributions have different relative phases inpN(e) - 1 < 1— 7 )
the two viewing geometries and this leads to some loss of (N =1\ 2(1-¢%)
coherence between the two signals. In this section, we will — 1
: ; 2y S@N -
relate the angle measurement requirements to a requirement X | fv-1(€) + e cos (=§)| (17)
for coherence between the two receiver channels.
We will assume throughout this discussion that the wavemere
form values are jointly Gaussian. This is expected for both the € =ncos b

surface scattered portion and the thermal noise portion because
of the impact of the central limit theorem acting upon the margnd
individual contributions to these values.

We will denote a waveform value from one channelas
and the corresponding waveform value from the other chanréle functionf,,.(z) is defined by the recursion relation
as v_. These are the complex values that result from the

(2N — 1)1 = (2N — 1)(2N — 3)(2N —5) --- 1.

Fourier transform of the deramped signal, prior to computation folz) =1 (18a)
of the square magnitude for integration in a conventional fm(2) =2(2m — D + 2m fr_1(2)

altimeter [11]. Where a quantity is independent of the channel, N

the subscript is omitted. +2:(1-2) dz Jm—1(2). (18b)
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E. Cross-Channel Phase Coherence

The coherence of the two receiver channels can be obtained
by first breaking the signal into a surface scattered term and
a receiver noise term as

w
5
e
S
]
]
s Vg = 8+ +Nx. (21)
Tt 0.01 4 N . . .
g The + indicates the direction of displacement of the antenna
%’ center from the antenna midpoint. The tersis and s_ are
§ correlated with each other but are independent of the noise
° terms, as the noise terms are of each other.
(23 . .
g The signal coherence can be rewritten as
Q.
0.001 t } t t t i E{viv*} E{s;s*} 22)
) 5 10 15 20 25 30 n= E{w[Zy — E{|s|*} + E{[n2} = TISTIN
number of values averaged
where
Fig. 4. Comparison of the exact and approximate expressions for the angle E{s 5* }
measurement precision as a function of the amount of integration performed N = ol Sl (23)
for coherence values of 0.8, 0.9, 0.95, and 0.99. The square symbols are the E{|s|?}
result of numerically integrating (17). The curves are the approximation Qnd
(19). 1
(24)

77]\( = .
1+ E{[n|?}/E{]s]?}
In order to compute the scattered signal coherence in (23),

The first few functions in this series are

filz)=2+= (18¢)  we will consider two cases. The first is relevant to the applica-
f2(2) =849z — 222 (18d) tion of angle measurement within an otherwise conventional
fa(z) =48 + 87z — 3827 + 82°. (18e) altimeter in which the measurement footprint is an annular

) area on the scattering surface [2]. The second is relevant to a

These equations may be used to compute the phase aigigay/Doppler altimeter in which the measurement footprint is

precision based on the cross-channel coherencBhey are narrowed in the along-track direction through the application
a bit cumbersome, however, since they require the use @if conerent processing. Such an altimeter is described in
a recursion relation and numerical integration of the dens'é)/companion paper [10]. For the present purpose, we will
function to determine the standard deviation of the angle. Thge for granted that such an instrument produces a narrow
fourth moment of the measured angle is approximately  measurement area. For both cases, we will assume that the

31/ =1 2 reflection coefficienp(r) of the scattering surface is spatially
VE{*} ~ V(=) <1+ —). (19)  white.

2N
) ) ) . ) For any pulse-limited altimeter, the measurement area for
This approximate expression for the varianceffis com-  the ,th altimeter range gate will have a maximum and mini-
pared with the value determined from the probability densityym distance given by

function in (17). The results from both approaches are shown

in Fig. 4 for the cases off = 0.8, 0.9, 0.95, and 0.99, max, =/[H +nA]? — H2 ~ V2nHA  (252)
and N ranging from 1 to 30. It is seen that (19) is a goodnd
approximation when several waveforms are integrated. For min,, = \/[H T (n—1APR - B2
large N, the final factor in 919) can be neglected.
Combining (19) with (8) and (10) above, we have ~y2An - 1HA (25b)
- H where the indexing of range gates is done such that 1
rms{z — £} = 2 Blaty corresponds to a gate whose minimum distance just includes
_ H \/m the scattering surface. The geometry leading to these distances
2(kD)? is shown in Fig. 5. These ranges will be used below to quantify
2 the signal coherence.
4(kD)2N

) ) ] o F. Scattered Signal Coherence Case 1—Annular
We are interested in an elevation precision on the ordgfeasurement Area

of 1 cm. Using the values shown in Table I, the cross- )
channel coherence required to achieve this performance is 0.9 "€ surface scattered term can be written as
when 100 waveforms are integrated. For reference, the Topex 2 2

altimeter integrates 228 waveforms prior to any analysis by the’* — /1 ) dr /0 dorp(r, 9)

signal processor [11]. It will be shown later that this coherence . 5 - 5 — 5
places a lower limit of 13.8 dB on the single waveform sample X eXp{‘k\/H + (1 cos 6+ D/2)? + (r sin 6) }
signal-to noise ration (SNR). (26)
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TABLE I
CoMPUTED PHASE COHERENCE OF THESURFACE SCATTERED SIGNAL FOR
SeVERAL WAVEFORM RANGE GATES FOR BOTH ANNULAR AND LINEAR
MEASUREMENT AREAS. A FLAT SCATTERING SURFACE IS ASSUMED
Inner Outer Annular Linear
distance distance area area
(km) (km) coherence | coherence

0 0.866 0.9957 0.9943

0.866 1.225 0.9871 0.9747

1.225 1.5 0.9785 0.9573

1.5 1.732 0.9699 0.9400

Combining the two equations above, it is easy to show that

Circular measurment area

T 27
(conventional radar altimeter) E{syst}= U/ dT/o dfr exp{ikDr cos 6/H }
T1

:27r0/ drrJo(kDr/H) (31)

and
Linear measurement area

o 27
(Delay/Doppler altimeter) E{|3|2} = ‘7/ dT/ dor = 7“7(73 - 7%) (32)
(St 0

Fig. 5. Altimeter range gates for both annular and linear measurement arcdfiere Jo( ) is the Bessel function of the first kind [13] The
coherence of this scattered signal is then

where r; and r, are the inner and outer radii of the mea- E{s;is*}
surement annulus as defined by (25). Equation (26) can be ns = E{|s|?}
approximated as 9 -
= drrJo(kDr/H

T2 27 (75 _ 7%) /’rl 0( / )
Sy~ / dT/ dorp(r, 8) exp{ik(r® & Dr cos ) /2H} ~1— (kD/H)2(r2 +12)/8

1 0

(27) + (kD/H)*(ry +r3ri +11)/192 (33)

where

where the approximation has resulted from retaining the first
three (constant, quadratic, and quartic) terms in the expansion
of the Bessel function. This will be a good approximation so
long as(kDr/H)?*< 1. (This quantity has a value of 0.034 for
The approximation behind (27) will be very good sincéhe values shown in Table | and a measurement area radius
D<r<H. H will be hundreds of kilometers; will be on of 866 m.)
the order of kilometers, and the value Df will be less than  For the parameters shown in Table I, the computed coher-
one meter. ence of the scattered signal for the first range bin is 0.9957. For
The backscatter from the surface will decorrelate in is bin, the inner radius is zero and the outer radius is 866 m.
distance that is small compared to size of the scattering argfis coherence is well above the required coherence. As the

p(r, 6) = p(r, 6) exp{ikH}. (28)

Therefore, we will assert that range cells expand, the coherence will decrease rapidly. For
a measurement area that consists of an annulus with an inner
E{p(r, 0)p"(r'. 6')} = E{p(r, 0)p*(+', ')} radius of 866 m and an outer radius of 1275 m, the coherence

for the above parameters drops to 0.9871. For the next bin the
—o8(r —")5(6 — @) /1. (29) coherence is 0.9785. These value_s are shovv_n_in Tgble_ll. The
cross-channel coherence of the signal is sufficient in this case

The scattered signal part of the cross-channel waveform ist© Support the 1 cm elevation precision requirement..
While no further approximations are necessatry, it is interest-

Py o 7 2 ing to further approximate (33) for the annular measurement

sp8" = / dr / do / dr’ / do'r' p(r, 8)p*(r’, 0')  area and derive an expression for the elevation accuracy. For
m 0 ™ 0 high coherence values

x exp{ik[r? — 7" + D(r cos 6 + ' cos ¢')]/2H}.

(30)

1/n% — 1~ (kD/H)*(r2 ++3)/4 = % (34)
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where only the terms through second orderrimave been  Following the same lines as above for the annular measure-
retained here and we have used the radii for the first wavefoment area, we can make a final simplification by assuming
sample as given by (25). Substituting this into (20) yields high coherence and make the approximation

, V3A 2 2
_s_¥= kD 2(kD)*A
mstz =2 = SN (3 -1~ (F) (@i tastad) 3= 208 )
It is noteworthy, and perhaps surprising, that this equation

involves only the altimeter range resolution and the numbtf the first range sample using (25). The elevation precision
of waveforms integrated. All other radar parameters halgcomes
disappeared. In this approximation, the elevation precision . A
is 0.1 cm, based on a range resolution of 0.47 m and 100 stdfz — 2} = 23N
waveforms integrated. A more exact value of the elevatio
precision is obtained from (20) and (33), but for the first ran
bin and the parameters in Table I, the two expressions gi
nearly identical results.

It is also important that the elevation precision decreases
1/N. Increasing the amount of integration in the altimeter will . _
proportionately improve the measurement precision. H. Thermal Receiver Noise Coherence

(43)

nhere as before, only the range resolution and the number
waveforms integrated appear in the final expression. For

the linear measurement area case, the precision is poorer by a

fggtor of 4/3 than for the annular measurement area case.

The coherence due to the thermal noise was given in (24)
G. Signal Coherence Case 2—Linear Measurement Area and may be expressed as

For this case, we will consider a measurement area that has 1
extent only in .the. direction parallel to the aperturg displace- IN = T31/SNR +1/SNR (44)
ment. The derivation procedure follows the same lines as that
for the annular measurement area above. where SNR is the signal-to-noise ratio within the range bin
For this case being considered. Substituting this into (20), the elevation

sy = /W2 dz[p(z) + p(—z)] exp{ik\/H2 +(z £ D/2)2} precision fimit 15

. (36) stz — 5} = V3H(2/SNR+ 1/SNR2)' 45)

where the measurement area consists of two intervals on either 4(kD)*N

side of the nadir point as given by (25). Equation (36) iS Lere we see that the elevation measurement precision

approximated as depends on the altitude, the radar frequency, and the aper-
i . . . ture displacement. We see from the above equation and the

5+ = Ll da[p(e) + p(=w)] explik(s” £ eD)/2H} (37) paramefers in Table | that a SNR in excess of q13.8 dB will be

required if a single, averaged waveform sample is to be used

in the angle determination. The required SNR may be reduced

by averaging samples, as will be demonstrated below.

and the second moments are computed to be
T2

Bisys’} =0 / defexplikeD/H} + exp{—ikeD/H}]

Eal

_ 20H[sin(kzoD/H) — sin(kx1D/H)] (38) [ll. SIMULATION RESULTS
kD A computer simulation of the operation and statistics of
and a phase comparison angle measurement has been performed.
) 2 The simulation is based on assigning a random reflectivity
E{|s]"} = 20’/ do = 20[x2 — 1] (39) to each small area of a flat diffusely scattering surface and
1

_ _ _ computing the contribution to the waveforms in each of the
where we have again used the spatially white nature gfceiver channels. The surface may be level or tilted.
the backscatter reflection coefficient. The coherence of therig. 6 shows the result of averaging 10000 waveforms for

scattered signal is the parameters given in Table | and a SNR of 10 dB. Fig. 6(a)
E{sys*}  H[sin(kzoD/H) — sin(kz1D/H)] contains the two direct-channel waveforms and the magnitude
ns = E{|s|2} = kD[zs — 21] : of the cross-channel waveform. The direct-channel waveforms

(40) exhibit a noise floor prior to the surface reflection range. The
For a linear measurement area and the parameters conéf@ss-channel waveform has no noise floor because the noise
ered above, the computed coherence is 0.9943 for the figsindependent in the two receiver channels. The magnitude
range gate. This is still sufficient to support the requirei®d the cross-channel waveform is close to that of the direct-

geometric angle measurement precision. channel waveforms near the surface reflection, then falls away
Equation (40) can be further approximated as because of the reduced coherence as predicted by the analysis
2 above. The shape of the cross-channel waveform is the product
ng 1 — <Q> (22 + z132 + x2) /6. (41) of that predicted by the Brown model [1] and the magnitude of
H the cross-channel coherence. The phase of the cross-channel
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Fig. 7. Predicted and simulated precision of the elevation measurement for
(a) several values of the SNR. The curve is based on the equations in the paper.
(Each simulated point is based on 1000 simulations, each resulting from 100
180 + waveforms being averaged.) System parameters are as shown in Table I.
2
o IV. OTHER EFFECTS
[ 90
[
k=
a
g A. Impact of the Antenna Beam Pattern
0 4
g The results of the previous section pertain to an antenna
] baseline that is parallel to the scattering surface and antenna
g 90 L pointing that is normal to the this surface. The simulation
2 used to produce the waveforms in Fig. 6 have been redone
© for a surface slope of 033 The result is shown in Fig. 8. Two
180 . . . . observations may be made about the phase plotted in Fig. 8(b).
First, the phase is not zero at the point of surface reflection.
-15 0 15 30 45 . - :
The phase value at that point is the indicator of the scattering
relative distance (m) angle, as has been discussed above.
(b) The second observation is that the phase has a slope. This

Fig. 6. Sum of 10000 simulated direct and cross-channel waveforms foSi2P€ results from the fact that the peak of the antenna gain
10 dB SNR. Other parameters are as shown in Table I. (a) The direct-chani@mains at the subsatellite point, but the point of first reflection

waveforms and the magnitude of the cross-channel waveform. (b) The php§qaway from that point, as was discussed in connection with
of the cross-channel waveform. Fig. 1. While the surface reflectivity has been assumed to be
uniform, the antenna beam pattern will weight some areas
waveform is shown in Fig. 6(b). It is completely randonmore than others and produce a bias in the observed phase
prior to the surface reflection. Because so much averaging ff@spoints that are away from the waveform leading edge.
been performed and the simulated scattering surface is levelln order to eliminate the effects of this phase slope on
the phase of the cross-channel waveform after the surfdbe angle measurement, we will estimate both the phase at
reflection stays very close to zero. the track point and the phase slope. This can be done by
The coherence of the cross-channel waveform in Fig.nginimizing an error term defined by
can be computed by taking the ratio of the cross-channel
waveform magnitude and the magnitude of either of the direct- 2 Z s
channel waveforms. The numerical results were found to be
in excellent agreement with (33).

The statistics of the elevation measurement have begfih respect tof and 3 where ¢,, is the phase of theith
investigated by performing 1000 simulations that each involygint in the cross-channel waveform angl is the coherence
the averaging of 100 waveforms. For a 10-dB SNR, th§f the nth point. This coherence is the ratio of the cross-
standard deviation of the simulated elevation is 2.56 cm whig&annel waveform magnitude divided by the direct-channel
the predicted value is 2.60 cm based on (35). The results {gaveform magnitude (or the geometric mean of both direct-
SNR’s of 10, 15, 20, 25, and 30 dB are shown in Fig. €hannel magnitudes). The values of and n, are chosen
In all cases, the simulated values are within 0.05 cm of the straddle the track point. Minimizing the error defined by
predicted values. (46) results in a maximum likelihood estimate éfand /3.

sin?(¢,, — 6 — fn) (46)
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60000 + TABLE 1l
SIMULATED ELEVATION MEASUREMENT PRECISION FOR AFLAT SURFACE TILTED
N BY 0.3° RELATIVE TO THE ANTENNA DISPLACEMENT AND THE ANTENNA
50000 1 "“\ BORESIGHT. THE ANGLE ESTIMATION IS MADE FROM EIGHT WAVEFORM
direct waveforms SAMPLES ON EITHER SIDE OF THE WAVEFORM LEADING EDGE. EACH
VALUE |Is THE REsuLT OoF 1000 SMULATIONS EACH INVOLVING THE
\ AVERAGING OF 100 ALTIMETER WAVEFORMS. THE PREDICTED PRECISION
DoEes NOT INCLUDE THE IMPACT OF AVERAGING WAVEFORM SAMPLES.
\’\.\,\ THE SySTEM AND GEOMETRY PARAMETERS ARE GIVEN IN TABLE |

40000 T

30000 +

20000 + Simulated Prediced Precision (cm)

cross waveform
magnitude

waveform power (counts)

SNR | Precision (cm) 1-m rms 2-m rms
10000 +
e e} (dB) flat surface | flat surface | roughness | roughness

Y t t i 10 1.89 2.60 2.77 3.02

1% 0 15 30 45 15 0.69 0.87 1.01 1.23

lati dist.
relative distance (m) 20 0.30 0.34 0.48 0.69
@ 25 0.17 0.18 0.32 0.52

180 + 30 0.12 0.13 0.26 047

90 4 24-40 have been used to estimate the slope in the phase and
determine the angle estimate. The first point on the plateau
of the waveform is sample 32 so the phase determination is
4 based on eight samples before and eight samples after the
waveform leading edge. The resulting phase angle and surface
elevation precision for SNR’s of 10, 15, 20, 25, and 30 dB are
-90 4 shown in Table 1. The elevation precision in that table, while
involving the complication of estimating the phase slope, are
better than those values shown in Fig. 7 for the level surface.
-180 f f t { In the latter case, only one waveform sample was used. These
-15 0 15 30 45 values are also shown in Table Il for comparison. It is seen in
relative distance (m) these results that using several waveform points in the angle
(b) measurement improves the precision for low SNR’s but results
in little change for high SNR'’s. This is a result of the weighting
Fig. 8. Sum of 10000 simulated direct and cross-channel waveforms fo

10-dB SNR and a 0S3surface tilt. Other parameters are as shown in Table iﬁl(46) which empha5|zes a smgle, hlghly coherent point at the

(a) The direct-channel waveforms and the magnitude of the cross wavefoMfgveform leading edge for high SNR while allowing for an
(b) The phase of the cross-channel waveform. averaging of several points where the coherence is limited by

thermal noise and is roughly constant across several waveform

cross waveform phase (degrees)
o

The term preceding the sine function acts to give great%?_lrphplesl' . listed in Table Il sh h .
weight to waveform points with high coherence. Without th e elevation errors listed in Table |ll show that even in

proper weighting, averaging of waveform points to estimaif€ Presence of a su_rface slppe, an elevation precision better
the scattering angle results in poorer performance, especi n 1 cm can be achieved with reaso_nable system _parameters.
at low SNR's. course, we have focused exclusively on the instrument

Once the minimization of the error in (46) has been accorfingle measurement precision here and other sources of error,
plished, then the phase estimate is found as such as satellite attitude determination and range measurement
' precision will contribute to the overall system performance.

i Nonetheless, this analysis shows that the statistical nature of
6 =0+ pny (47) ; : .
the angle measurement will support the required elevation
wheren, is the waveform index value at the height track poinPreC'S'on'

The minimization is very rapid because near convergence the )
derivatives of the error are nearly lineardrand 3 where the B: Impact of Scattering Surface Roughness
waveform SNR ratio is significant. All of the analytical and simulation work presented here

In addition to removing the impact of slope in the crosertains to the case of a flat surface. The surface has been
channel waveform phase, the above procedure performgilted, but no surface roughness has been considered. The
weighted averaging of several waveform values to produgapact of roughness will be to increase the size of the
the final phase estimate. For the case of a surface slopenrafasurement area and reduce the coherence of the surface
0.3, 1000 simulations each involving the averaging of 10€cattered pulse [2]. Surface roughness will result in an effective
waveforms have been performed in which waveform samplpalse width that is the root-sum-of-squares of the actual pulse
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width and the root mean square (rms) surface roughness. That ACKNOWLEDGMENT
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Ay = VA2 + A2 (48) in determining the probability density function for the phase
of the measured angle.
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The measurement of angle with a radar altimeter through PP

phase comparison monopulse techniques can be done with
a precision that will support centimeter scale elevation mea-
surements even when the measurement is made over a tilted
surface. The elevation precision is independent of the tilt
angle so long as the measurement area remains within the
transmit/receive antenna beamwidth. This precision can h~
supported for both the annular and linear measurement ar
as demonstrated by both analysis and simulation.

The elevation errors resulting from angle measureme
errors within the altimeter itself will be combined with errors
in the spacecraft attitude knowledge and errors in the ran
measurement. If the attitude error is ®0then this will
contribute about 1.2 cm to the elevation error, as defined ne : , _
5). Together, the angle measurement and attitude knowle has participated in the TOPEX altimeter preflight
( ) _Oge " g ql&%ng, the development and testing of algorithms for the beacon receiver
at this level will contribute less than 2 cm to the total systen the MSX Satellite, the NEAR telecommunications systems, and on other
performance. Such an approach, therefore, will support hiqﬁiellite programs including the Geosat Follow-on Program for which APL

. . L ! ' “was the Navy’s technical direction agent.

resolution altimetry over tilting surfaces such as the polar ice
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