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How Digital Correlation Affects the Fringe Washing
Function in L-Band Aperture Synthesis Radiometry

Mark A. FischmanMember, IEEEAnthony W. EnglandFellow, IEEE and Christopher S. RuFellow, IEEE

Abstract—The phase coherence limitations of L-band digital rations. The Electronically Steered Thinned Array Radiometer
correlation radiometry are investigated for receiver architectures (ESTAR) was the first prototype to be developed for airborne
that use low A/D converter resolution (1-3 bits). Statistical models demonstration; using a five-element, hybrid real/synthetic aper-

and measurements of a 1.4 GHz digital radiometer system show h d | lati lectronics. ESTAR d
that coarse quantization can cause excess fringe washing losseUr€ Scheme, and analog correlation electronics, prove

which degrade the spatial resolution capabilities in synthetic itSelf capable of recovering soil moisture information in field
thinned array radiometry (STAR) implementations. For single-bit ~ campaigns over watersheds in Arizona and Oklahoma [3], [4].
STAR, excess fringe washing is discernible immediately away More recently, several organizations have been developing new
from the boresight direction and, further from the center of the L-band STAR instruments offering two-dimensional beam syn-

image, can result in as much as 2 dB loss in visibility information. thesi dasimpler. 1-bit digital lator desi hichi
To accommodate low-bit correlators in remote sensing STAR, a €sIS and a Simpler; L-Dittigital correlatoraesign which s more

novel band division correlation (BDC) processor is proposed. BDC €asily implemented within the limitations of today’s technolo-
improves the time-coherence of each correlated brightness signal gies. For example, the Helsinki University of Technology is im-
while it also maintains the system bandwidth and noise-equivalent plementing a 36-element digital airborne STAR array, named
sensitivity of a conventional STAR radiometer. Analytical and nu- HUT-2D [5]. Similarly, the European Space Agency (ESA) is

merical solutions are presented for the point spread function ofa 27 -
m L-band STAR sensor to evaluate the band-slicing technique. The currently in Phase B development of an 80-element, Y-shaped

results show that with 4 subband channels, BDC improves swath Satellite array for its soil moisture and ocean salinity (SMOS)
edge resolution from 17.0 to 10.2 km and reduces correlation loss mission [6], [7].
from 2.5 t0 0.2 dB. One of the unique features of Earth remote sensing STAR is
Index Terms—Analog-to-digital converters, digital correlator, ~that the instrument requires a much wider field of view (FOV)
soil moisture and ocean salinity, spatial resolution, synthetic than in the case of radio astronomy. While the statistical prop-
thinned array radiometer, visibility function. erties of low resolution digital correlators have been studied
previously in astronomy applications [8], [9], [10], it has yet
to be determined how quantization of the received brightness
signals in Earth observing STAR affects the synthesized beam
YNTHETIC thinned array radiometry (STAR) is emergingyroperties over a wide FOV. In this paper, we examine the
s a promising technology for satellite radiometers, espgyaging capabilities of advanced aperture synthesis instru-
cially those which operate at the low end of the microwave sp&gents that employ digital correlation techniques. The impulse
trum. The main benefit of STAR is that desirable spatial resoIHL_‘Sponse of an L-band digital correlation radiometer—the
tions can be attained without the complexity of a filled apertuqﬁmding block in advanced sensors such as SMOS—uwill be
system. The concept behind aperture synthesis is not new, 8imined in Sections II-IV to establish the relation between
has in fact been used extensively in radio astronomy since Higjtization and correlation loss. Section V introduces a novel
1950s for high resolution interferometric imaging and for spegrocessing technique for STAR correlators that enhances the
troscopy of cosmic targets [1]. Within the last 15 years, there h@satial resolution capabilities over the FOV and offsets the loss
been a strong interest in adapting these radio astronomy te8h5patial resolution caused by quantization.
niques to test their applicability for L-band (1.4 GHz) satellite-
based observations of the Earth [2]—especially for retrieving Il. FRINGE WASHING PHENOMENON

soil moisture and ocean salinity data that would greatly enhance ) ] o ]
the accuracy of weather and climate models. STAR is comprised of antenna elements distributed in space

Researchers have experimented with both analog and d@_form a sparse array. The correlated pairs of received signals

ital receiver architectures as L-band STAR for Earth remofé€ the complex visibility functions/(n), which represent the

sensing has evolved toward larger, more complex array configﬁr.ﬁlf"tial frequency components of the brightness sgngi1].

hat is
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Fig. 2. Block diagram of the experimental setup for measuring fringe washing

Fig. 1. Geometry for a correlation radiometer viewing a point source locatéfya digital correlation radiometer.
at an angle® away from the boresight direction. The antenna elements are

E:éﬂtﬁgsssipeir:ted by a distand to sample one spatial frequency of thefringe washing function is therefore a key performance figure
for describing the spatial resolution and sensitivity capabilities

ening in spatial resolution caused by decorrelation of the tard'étSTAR-
signal as the synthesized beam is steered away from boresight.
The decorrelation results from the nonzero system bandwidth, !ll. CHARACTERIZATION OF A DIGITAL RADIOMETER

B, of the STAR sensor. At larger element spacings, the lag timeThe preceding analysis considered fringe washing for the
between reception of a pair of brightness signals may approggte of ideal analog correlation hardware. In digital STAR,
or exceed thé/ B correlation time of the bandlimited noise prosignal quantization will introduce harmonics outside of the
cessed by the radiometer. Visibility samples for these large spggmncipal passband3 and will alter the receivers’ effective
ings will incur a loss of correlation that causes degraded resojggnsfer functionsH; and H,, defined in (3). In this section,
tion in the reconstructed brightness image. the fringe washing function will be measured directly using an

The fringe washing function for each correlator is related.hand digital correlation radiometer to illustrate the effects of
to the receiver bandpass characteristics through a Foulgfantization.

transform [12]:

ro(r) =F T {HL(f = fo) H3(f — fo)} , , .
iznpor [ ol 2nfr We have designed a two-channel correlation radiometer pro-
——i27 o / Hi(f)Ha(f)'7df  (2) totype, operating at a center frequency of 1413.5 MHz, as a
. : o , ) proof-of-concept for the direct RF sampling receiver concept
wherer is the time lag between the two received signatsand 1131 This direct sampling digital radiometer (DSDR) is based
H, are the transfer function responses for the first and secoiygh, the SPT7610 flash analog-to-digital converter, an emitter-
receiver channels, anfd is the center (carrier) frequency of the;ped Iogic device that yields over 3 bits of sampling resolu-
system. If two analog receivers are assumed to exhibit identigal, 4t an analog input bandwidth of 1.4 GHz. A low noise RF

A. The Correlation DSDR Prototype

rectangular bandpass characteristics: front end provides 90 dB system gain aRd= 20 MHz band-
1, forfo—-2<|fI<fo+2 pass filtering before the A/D conversion. Short-term variations
His(f)=< 2 == 20 ) . :
0, otherwise in the physical temperature of the front end electronics can cause
the tapering in fringe washing is ideally described by the sifte- fluctuations that degrade the radiometer’s noise-equivalent

sensitivity. To minimize these variations, the relative change in

temperature of each front end is regulated to within 12 mK rms
7o (7) = SincBr. (4) using a thermoelectric cooler and PID control circuitry. The

digital cross-correlation between radiometer channels is pro-
Referring to the geometry of the correlation radiometer in Fig. gessed with an Altera EPF10K20 field-programmable gate array

where the elements are separated by a distdnece n)\/2, the (FPGA) and is sent to a PC data acquisition system.
lag time can be written as

function

dope np B. Fringe Washing Measurements
¢ 2f ® End-to-end fringe washing measurements were performed
wherec is the speed of light. Then the STAR fringe washiny/ith the correlation DSDR by injecting a pair of partially cor-
function in (1) becomes related noise sources into the two receiver channels, as shown
B in Fig. 2. For this experiment, the gain of each receiver channel
Fao(n 1) = sinc<u) ] (6) s set to yield 3.3 bits (ten levels) of sampling resolution. The
2fo correlated power components are generated by a noise diode

For large baselines, (6) shows that the sensitivity of a corr@ad Wilkinson power divider which splits the noise source
lation radiometer in STAR will taper off as the pixel locatiorbetween the two DSDR receivers. A decimation counter circuit
moves away from the center of the FOV. The exact shape of thied adjustable phase shifter are added to the DSDR2 clock
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Fig. 3. Magnitude of the frequency response for DSDR1 and DSDR2 front

end receivers (before digitization). Fig. 4. Correlation DSDR fringe washing function determined from
1) the analog frequency response of each receiver and 2) direct (end-to-end)

line to control the relative lag time between samplers: with measurements at 3.3 bit resolution. The discrepancy between the two cases
g P ! points to an unexpected loss of coherence for a finite time separabietween

these devicesy can be incremented from50 to +50 ns to  gigital samplers.
simulate the correlation radiometer’s response to a point source
that moves across the FOV of two antenna elements. The phase !
shifter is fine tuned at each delay time setting to generate th — 1 bit quantization .
peak correlation value (i.e., the envelope of the correlators 09~ ™" gg:: N e
grating lobe pattern), and these data are normalized to unity i ¢ 0.8} T SRS a
7 = 0 to trace out the shape of the fringe washing function.
Fringe washing can also be estimatmfore digitizationby
redirecting the output signal from each front end to a spectrur
analyzer. The magnitudes &, andH, can then be found—at 0.5k o RS AP B
least in the analog domain—and applied to the relation in (2)'5:'\3 v R e
The power spectral densities of the two analog output channel § Ar sl ' i
measured over 1375-1450 MHz, are plotted in Fig. 3. Assuming 0.3} PPl B 1
a negligible phase imbalance between these channels, fring% ook . e B |
washing is determined from the inverse Fourier transform of th P

magnitude product: 01F 7 . |

) +oo 0 : : *
7’11)(7’) = 6_‘727T‘f0T/

j o] 0.2 0.4 0.6 0.8 1
|H1 (f)| |H2 (f) |GJ 27Tdef- (7) analog correlation coefficient p
ale o)

on coefficient p Q
Ay
\

0.7F o S . - //‘v// -4

0.6} JUTRI e ‘/." e S 4

I
N
\

Fig. 4 shows the fringe washing results from the correlatidtig. 5. Plot of the transfer function between analog and digital correlation
DSDR experiments. The solid line is a plot of the expectégefficients for arange of bit resolutions.
(analog) response, derived from (7). Notice that this curve
closely resembles a sinc function with a correlation length |\, |NTERPRETINGDISCREPANCIES INFRINGE WASHING
of 50 ns—which is exactly the result predicted by (4) for
receivers having a 20 MHz rectangular bandpass response. ) ‘
end-to-end fringe washing measurements, which are pIottéHeCtrum of a Signal
alongside the sinc curve, take on a distinct and unforeseerringe washing degradation can be understood by looking at
characteristic, though. Instead of having a gradual, taperi relation between the analog correlation coefficieand its
response as moves away from zero, there is a sharp, almosligital counterpartpg, for a pair of brightness signals. Previ-
triangular-shaped dropoff in the strength of the correlatioonusly, we have derived this transfer function for arbitrary A/D
(There is also an asymmetry in the data that suggests sotnaverter resolution [13]. As a reference, the solutions at 1, 2,
phase imbalance between the DSDR channels.) The correlatoml 3 bit resolutions have been computed and plotted in Fig. 5.
time and system bandwidth technically have not changed: tiris important to mention that by measuring DSDR’s fringe
average, the first zero-crossings of the fringe washing datashing function in Sections Il with the variable delay line
still intersect neart50 ns. Yet the strange compressionrgf we have in essence determined the envelope of the autocorrela-
observed in the time domain hints at the possibility that, in th®n function for each quantized waveform (assuming that the
frequency domain, the passband has been stretched beyontkiteivers are matched). Because an autocorrelation is just a spe-
original range. Section IV will explore how this phenomenonial case of the correlation between two random processes, that
is linked to the digital receiver architecture. is, with identical signals that are separated in time digé&ized

ow Quantization Affects the Autocorrelation and Power
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— 1 bit of bits decreases, the loss of coherence @ver r < 1/B
-~ 2bit becomes worse, and the shape of the predicted fringe washing
1 T T TR, T .=.= 3bit . . .
e AN o bit (analog) function begins to resemble the curve measured with DSDR.
o measured The power spectral densities of the quantized signals are
found by applying a Fourier transform to each autocorrelation
function [see Fig. 6(b)]. Here the increase in “bandwidth
spreading” becomes obvious as bit resolution is reduced. While
the physics behind this result is not surprising, it has important
] ramifications for digital STAR, which must be able to maintain
signal coherence over a wide FOV.

w
o
(=]

:

fringe washing function r

B. Implications for STAR Correlators Having Coarse
Resolution

%o 40 20 0 20 40 60
time separation  (ns) Because fringe washing depends on the bandpass spectrum
(@ but not on the center frequengy, the analysis presented for
10 . . . . . . . the L-band DSDR is just as relevant for similar radiometer sys-

5 : : : 5 3 5 tems that mix down to an intermediate frequency before dig-
itization. The most noteworthy example is the L-band SMOS
aperture synthesis array mentioned earlier. SMOS relies on a
1-bit IF sampling scheme to minimize design complexity in the
A/D converter and digital correlator sections. But 1-bit quanti-
zation is also the coarsest possible resolution and, as seen in this
study, the most severe in terms of coherence loss.

Recognizing that the bandwidth spreading problem may
impact spatial resolution performance, it is useful to look
at how a fixed 1-bit correlation radiometer will further alter
fringe washing. This type of receiver uses a simple two-level
f-f, (MHz2) comparator (signed operator) to convert from an analog signal

) « to digital signalz:

power spectrum [XI2 (dB)

Fig. 6. (a) Fringe washing modeled over a range of bit resolutions. _,_; if 2z >0
(Experimental data from DSDR are included for comparison.) (b) The T = ’ if = (8)
corresponding power spectral densities of the quantized waveforms. At coarse -3, Tzx< 0.

resolution, nonlinearities in the A/D conversion cause the spectrum to be
spread over a range of frequencibarfdwidth spreading For this special case, there exists a closed form solutiopor
known as the Van Vleck relationship [8]:

fringe washing function can readily be found by plugging the 9
analog solution from (4) into the—p¢ transformation. pPQ = — sin™! p. 9)
aw

The nonlinear relation betwegrandpg in Fig. 5 is a cause of
the peculiar distortion seen in DSDR’s fringe washing functiofy settingp equal to the ideal analog fringe washing function,
In physical terms, A/D conversion is an inherently nonlineahe corresponding fringe washing pattern of the digital corre-
operation, and as such, it can create out-of-band harmonics tla#tr can be found. The relative change in gain between ideal
extend beyond the principal passbaBdof the receiver. As and quantized cases defines txeess coherence loss
guantization resolution is decreased, more energy is transferred
out of the main passband and is spread over a broad range of ry(ideal) 7r sinc Br
frequencies. Thibandwidth spreadinghenomenon causes the excessU'L = ro(1 — bit) T 9 wn- (s - (10

w sin™ " (sincBr)

correlation between the two digital receiver channels to become

contracted in the time domain. This expression is plotted in Fig. 7 for a correlation radiometer
If a smoothly varying (analog) sinc function is applied to anfiaving 20 MHz bandwidth.
of the nonlineap—pg transformations in Fig. 5, a sharp, non- For a hypothetical 1-bit L-band STAR radiometer witha 10 m
differentiable peak is generatedrat= 0. Furthermore, becausespan and a desired FOV #f35°, it can be inferred from (5) and
the change irpy with respect top is greatest for correlation (10) that the maximum-spacing visibility sample will suffer an
values near 1, the rolloff in fringe washing will be most severe iextra 1.4 dB loss at the swath edge. This level of degradation
the neighborhood of small. (This also happens to corresponaloes not necessarily preclude the use of 1-bit correlators for
to the area immediately away from the boresight direction iemote sensing STAR. But it does point out that if the effects
aperture synthesis radiometry.) Fig. 6(a) shows the ideal fringebandwidth spreading are not modeled, the visibility SNR at
washing function described by (4), along with the transformédgher spatial frequencies—and thus the resolution of the syn-
fringe washing functions for 1-3 bit resolutions. As the numbéhesized beam—may be worse than expected.
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Fig. 8. Schematic of a band division correlation (BDC) radiometer. The
Fig. 7. Excess coherence loss in the fringe washing function. The vertical aséseived signals, each having bandwidithare divided evenly intd/ smaller
represents the loss incurred by using a 1-bit correlator as opposed to an id@ids to reduce decorrelation effects. In practice, the receiver outputs represent
analog correlator, where the system bandwidth is set to 20 MHz for either caé pair of signalsifter A/D conversion, and all of the subsequent functions are
implemented in digital processing to simplify the receiver design.

C. Other Sources of Converter Nonlinearity . L .
increased correlation time. Depending on the number of band

Even after the effects of bandwidth spreading have been tak@iisions, fringe washing may be reduced significantly without
into account, there remain discrepancies between the measdtgnpromising the overall bandwidth and sensitivity of the
ments and modeled responses in Fig. 6(a). Data taken at 3.33%AR radiometer. In this section, the band division correlation
resolution appear to fit more closely with the theoretical curvgBDC) concept shown in Fig. 8 is evaluated in the context of
at 1 or 2 bit resolution. One source of error may be differentighproving STAR's spatial frequency response.
nonlinearity exhibited by the A/D converter (i.e., nonuniform The BDC receiver technique is applicable to either analog
step size between quantization levels for each least-signific@htdigital hardware designs. It should be noted that in prac-
bit) [14], which introduces additional distortion and out-of-banglce, though, a multi-channel correlator is vastly simpler to im-
harmonics in the quantized waveform. Also, there is an asyftement in digital hardware using FIR filter techniques than in
metry in the measured fringe washing data that indicates a phagglog hardware, which would require a bank of discrete mi-
imbalance between the receiver channels; this may arise frefdwave components. For DSDR applications, the two receiver

a mismatch between the quantization transfer functions of thgtputs denoted in Fig. 8 can be treated as the digitized data
two digitizers. These nonideal effects merit further investigatiastreams following a pair of A/D converters.

and underscore that the end-to-end behavior of coarse resolutio the following analysis, a one-dimensional STAR sensor in

STAR correlators needs to be tested. low Earth orbit with a desired resolution of 10 km will serve
as a basis for comparing the point spread functions (PSFs) for
conventional correlators and for the BDC architecture. A typical
L-band soil moisture satellite is considered with the design pa-
rametersfy = 1.41 GHz, B = 20 MHz, altitude/ = 700 km,
Section IV demonstrated that in digital correlation radiomend a field of view ofy = £35°. To simplify the problem fur-
tersl quantization has the undesired effect of increasing ﬂ]h’@l’, it is assumed that all antenna elements are iSOtI’OpiC, the
bandwujth and thus degrading the time_coherence betweeﬁr@y haS a uniform amplitude distribution, and the Earth iS ﬂat
pair of received signals. For STAR, nonzero bandwidth is @cross the FOV.
fact a general problem which places a fundamental limit on
the spatial resolution capabilities of the sensor, even for idé&l Beam Synthesis in a Conventional STAR Array
analog correlation hardware: Kraft has shown that, for a given1) |deal Spatial Resolution and the Inverse Fourier Recon-
bandwidth, the swath-edge resolution eventually reaches @fiction Method: Spatial resolution is first considered for the
absolute limit that cannot be surpassed by increasing the sizegefal case (where there is no fringe washing) by setting= 1

the array [15]. As next generation instruments following SMOgnd solving for the visibility response to a point source, located
extend beyond a 10 m span to approactd km (mesoscale) aty, = p,:

resolutions for climate modeling, an alternative solution must

V. TECHNIQUE FORALLEVIATING DECORRELATION
EFFeECTS INSTAR

be sought to alleviate fringe washing. v _ e ITnHs 11
Ruf et al. have suggested splitting the receiver bandwidth (. p1a) = /1= 2 (11)

into several smaller subbands before correlation and then
individually transforming each visibility sample to reconstrudiote that in this case, (1) is just the Fourier transform of the
the image [16]. The smaller bandwidth naturally leads to anodified brightness scene, defined@s(1:)/+/1 — 2. There-
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NA/2 (synthesized track) As in the ideal case, the brightness estimate can be computed
STAR o 500 using theF—! reconstruction:
array 'f\ N
. 1 [1—p? < .
N i . —jrn(p—ps)
T(p, ps) = 2\ 1- 2 Z Tow(M, f1s)e - (18)
n=—N
After cancelling imaginary components in the above series, the
PSF becomes
~ 1 /1—p2
> Tp(p,ps) = 5
ground X e 2V 1—p2

Fig. 9. Geometry for determining the spatial resolution in STAR. X

N
1+2 Z sinc<n§fgs> cos[mn{p — us)]] . (19
n=1

fore the estimated imagd}s, is found by taking the inverse The solution in (19) will exhibit degraded resolution at large in-
Fourier series of the visibility sample&'¢! reconstruction): cidence angles, due to the behavior of the sinc function. This is
not the best estimate of the original scene becadtserecon-

TB(M) =v1—p2F~H{V(n)} struction does not compensate for tapering of the grating lobe
1 N patterns in STAR.
=—/1—p? Z V(n)ed ™, (12) 3) InverseG-Matrix Reconstruction:A numerical method
2 n=N is introduced to account for fringe washing and to minimize

) ] . . the error between estimated and actual brightness images. The
Equation (12) describes the ideal PSF, which can be ShOW”sS%tem of N equations in (1) is expanded into a seRd¥ + 1
have a main lobe centeredtaand an angular beamwidth (de-gg)-yalued visibility samples

limited by the first pattern nulls) of

1
\ v,:/ a()Te(dp, 1=1,2,...,2N+1  (20)
—1

AN = ——— 1
0 Dcos8’ (13)

_ ) ) _ where theg functions represent the even and odd grating lobe
whereD = NA/2 is the maximum dimension of the STARpatterns of the STAR sensor

array and theos 6 term arises from aperture squint.

Fig. 9 illustrates the geometry for finding the size of the satel- ro [Y52 ] cos [ 2451 ] tor odd1
lite’s footprint at an angl® away from nadir. At an altitudé, _ Vi—p? ’ 21
the sensor is a distandesec § away from the pixel. Thus, the T[4 0] sin[ =5 | for evenL.
arc length of the main beam at ground level is 1—pz
hAG The brightness scerfg; can be discretized into a setBfpixels
Sa = 5 (14) spaced at uniform intervals on theaxis. Then the system of

visibility samples is written in matrix form as
and the projection on the ground becomes

V =GT (22)
Sa
r= cos®’ (15) where
Combining (13)—(15), the ideal spatial resolution is expressed R4 (1)
as Va T(p2)
V = . 3 T - . ) (23)
2h : :
Ar = Ncos38’ (16) L Von41 T(up)
Therefore, to maintain at least 10 km resolution at thfes3@ath glgulg 92Eu2§ glg’“’;
edge would require a STAR array size §f ~ 255, or 27 m a_| g2\ g2k
span, where the satellite’s altitude is 700 km. This 27 m L-band : : ke :
STAR will be our reference model for evaluating the BDC ar- Lgonvy1(p1)  gonvar(p2) -+ gonvar(pr)
chitecture. (24)

2) Fringe Washing DegradationThe tapering in visibility
described in Section 1l can be included in calculations of thaith pixels located at
STAR point spread function. From (1) and (6), the visibility

pp =2 <

. p—1
impulse response becomes ) —1forp=1,2,...,P. (25)

P-1

v _r(n, ps) eI 17y Therows of thew-matrix in (24) make up the STAR basis func-
1—p? tions (grating lobe patterns) for the various element-pair spac-
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— "f_‘ia' (no f”tnget,waSh'”g) algorithm to compensate for fringe washing. However, no
T r T — -~ - reconstruction . . . . .
1.2 v - & reconstruction improvement in SNR is made by boosting a signal that has

already incurred some loss; the noise floor will be raised during
the processing, along with the brightness signal. Given that
SNR is essentially the same for boffr! and G’ cases, it
follows from Fig. 10 that, as a consequence of fringe washing,
the system sensitivity is reduced by 2.5 dBat 35°.

B. Band-Slicing Technique

1) Estimated Point Spread Functiorhe BDC receiver in
Fig. 8 can potentially remove the negative effects that arise from
fringe washing. Let the original receiver bandwidthbe di-
vided equally intaV/ smaller slices with a bank of bandpass fil-
. . : { ‘ ‘ ; ters. For each subband processed by a correlator, the new fringe
470 475 480 485 490 495 500 505 510 washing function will be dilated by a factor éf :

normalized brightness

x (km)
. nBu
Fig. 10. Estimations of the 27 m STAR point spread function for a source 7w (M, n, 1) = sinc Wi (27)
located at 35 (490 km from nadir). The spatial frequency response is shown for fm

the ideal (no fringe washing) case and for fringe washing cases where invers.ﬁ
Fourier and inversé--matrix reconstruction techniques are applied. All pSFY
are normalized to yield a peak value of 1 for a point source located=at km.

eref,, is the center frequency of each subband

= Jo ogf2m = (M + 1) (29)
ings. It should be noted that the number of poifttis the bright- ] ] ] ]

ness vector is usually oversampled ab@vé + 1 so that the @ndm =1,2,..., M is the subband index. Equation (1) is then
pixel size is fine enough to restore the image. Therefore, the [ROdified to yield a set ofi x N subband visibility samples:

verse solution for (22) is under-determined. There is however a 1 1
least-squares estimateBf given by [17 V(m,n =/ ——TB(1)rw(m,n,
g f given by [17] (m,n) = | Ny B(1)rw(m, n, 1)
T v !t ty—1 _
T = G'V, whereG’ = G* (GG') ™. (26) X oxp < m;hu) di. (29)

G and G’ matrices were computed for the benchmark STAR
with N = 255, usingP ~ 6N pixels. The PSF of the sensorUsing F'~* reconstruction, the impulse response for thth
can then be found by combining the visibility response in (1pbband is
with the G’ reconstruction technique in (26).

4) SNR Degradation:To gauge the effects of fringe 755 {mth bang _ L] —Nz
washing, the image reconstruction techniques discussed so far 2V 1=
can be applied to the most extreme case, where a point source N nB s T fo (1t — s)
is located on the border of the scene. In Fig. 10, the normalized |1 +2 Z SInC<2Mf ) cos [ F } - (30)
point spread functions were computed for a source located n=1 " 0

35° from nadir. For the ideal case where there is no fringeach subband contains statistically independent noise, therefore

washing, the peak response is unity, and, as predicted by (#f net brightness is found by summing the power over all sub-
for the benchmark STAR radiometer, the zero-crossing beaands

resolution is 10.0 km. Spatial resolution for t#& ' recon- o

struction case, which includes the effects of fringe washing in T = Z T {m}. 31)
the visibility calculation, is significantly lower than the ideal
response. The decorrelation between received signals in the ] ] ) o
array causes a 2.5 dB drop in the peak brightness level andng normalized estimate of the point spread function is then

broadening of the beamwidth to 17.0 km. The pixels calculated

m=1

_ 42
using G’ reconstruction are also plotted with the other two TB(,J’ [ts) :# 1_“2
curves for comparison. Here, the point spread function matches 2N4+1Y 1—pf
the ideal response exactly. As expect@treconstruction takes 9 M N nB
. . : ths
into account and compensates for the tapered grating lobes at X [1+ i Z Z SInC<2Mf )
large element spacings. m=1 n=1 m

Although G’ reconstruction yields the desired signal re- T fm(pt — pis)
sponse, noise in the image will inevitably increase through this T} y
method. The estimated brightness in (26) is formed by adding
a linear combination of inverse basis functions (column&9f The reconstructed image can be calculated for the benchmark
whose amplitudes tend to flare outward at oblique inciden&TAR over a range of band divisions to assess the improvement
angles. This flaring function is what allows the inversiolin spatial resolution.

X €OS { (32)
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- M=1 Mot E VI. CONCLUSIONS
—=M=2 ; = M=2 K i o )
16f} o M=4 H ol o M=4 ' Our analysis of the digital correlator performance in an
— ideal ' - — ideal ," L-band STAR radiometer has revealed an unexpected loss in
g4 ' g K fringe washing, even for pixels near the center of the field
< ',' g 1.5¢ K ] of view. The root cause of the excess loss of coherence was
212 F ,'l traced back to a bandwidth spreading phenomenon—that is,
g g 1 ;! 1 a broadening of the power spectrum that occurs after each
=10 g I,’ brightness signal is digitized. Correlator designs with fewer
g % 0.5 K » ol bits of resolution naturally exhibit higher levels of nonlinearity
® 8r g e and therefore suffer more from bandwidth spreading.
szl e The fringe washing results inferred from experiments
6] with our correlation DSDR carry a special significance for
upcoming aperture synthesis missions. These data represent
4 20 0 9% 20 20 the first end-to-end fringe washing measurements to be docu-

mented for an L-band digital correlation radiometer operating
(a) (b) in the protected radio astronomy band, witf20 MHz of
Fig. 11. (a) Spatial resolution versus incidence angle for a conventional ST/@(a'Ia_ble b_a_de|dth. Furthermore, the band spreading mecha-
(M = 1), for a BDC instrument with\/ = 2 and4 divisions, and for the ideal nism identified here would equally affect the performance of a
case. (b) Peak level correlation loss for the above cases. single-bit, IF-sampling digital receiver, like the one proposed
for the SMOS mission, as the fringe washing response is
2) Numerical ResultsThe BDC STAR point spread func- dépendent on the system bandwidth but not on the detected
tion in (32) was computed over the field of view for several dif¢@rmier frequency. Without properly modeling the effects of
ferent values of\/. Fig. 11 shows a plot of the resulting spatiaP@ndwidth spreading, there will be an unanticipated loss of
resolution and peak correlation loss compared to the ideal ca¥@Sitivity in digital STAR arrays, especially at higher spatial
With just two subbands, there is already a significant improv&f@guencies, that leads to a broadening of the synthesized beam.
ment in resolution from 17.0 km to 11.0 km at3Bcidence; | "€ negative effects of bandwidth spreading may be coun-
with M = 4, the resolution approaches a nearly ideal value #racted by increasing the number of bits used in the A/D con-
10.2 km. Also, the correlation loss at the peak of the impulse p&"ter and correlator sections of a digital STAR sensor. How-
sponse is reduced greatly with only a few band divisions. Corfiver: the added circuit complexity would tend to reduce the

pared to a conventional STAR with a 2.5 dB correlation loss, t#@l0g input bandwidth of the A/D sampler and could hamper
BDC loss figure can be improved to 0.6 dB (fbf = 2) or as the implementation of receiver architectures such as DSDR. A

low as 0.2 dB (forM = 4). novel alternative is to keep the simple 1-bit converter design

The STAR sensor considered here quickly converges to fad in_st_egd z_slpply a band-division co_rrelgtion (BDC) processor
“no fringe washing” case with a relatively small number of sutpfter d|g|t|zat|on., where the gdded cireuit cpmplexny IS more
band correlators. This implies that noise in high spatial fr@_ffordaple for circuit |_ntegrat|on. Band-slicing is an effectn(e
guency visibility samples can be reduced more effectively in%y to.|ncrease the t|me—c_ohere_nce of eaqh processed b.r|ght-
STAR sensor that employs BDC than in a sensor that used c8fSS Signal and thus alleviate fringe washing. An analysis of
ventional correlators an@” post-processing. a 27 m BDC STAR sensor at L-band frequencies has shown

Band-slicing was illustrated for the simple case of a uniforrwlat’ ;_JS'_ng thchjr SUbb?nt_d pr(;rcesis?rr]s,ttms Itgchnlqui V;'" vw’:ju-
array distribution. But in a real world application, some amou y eliminate decorrelation efiects that would normally degrade

of amplitude tapering would be designed into the reconstru%c—’atlal resolution.
tion algorithm to reduce side lobe levels (e.g., ringing seen in
the ideal response in Fig. 10) and to improve the efficiency of
the synthesized beam. An actual 10 km resolution sensor would
therefore require a maximum baseline greater than 27 m. Thel] E.B.Fomalont, “Earth-rotation aperture synthesi&gc. IEEE vol. 61,
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