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Abstract—This paper addresses the impact of limited oscillator
stability in bi- and multistatic SAR. Oscillator noise deserves
special attention in distributed SAR systems, since there is no
cancellation of low frequency phase errors as in a monostatic
SAR, where the same oscillator signal is used for modulation and
demodulation. We show that uncompensated phase noise may
cause a time variant shift, spurious sidelobes, and a widening of
the impulse response, as well as a low frequency phase
modulation of the focused SAR signal. Quantitative estimates are
derived analytically for each of these errors based on a systems
theoretic model taking into account the second-order statistics of
the oscillator phase noise.

L INTRODUCTION

Bistatic and multistatic SAR systems operate with multiple
receive antennas which are mounted on different platforms [1]
[2]. Such a spatial separation has several operational
advantages which will increase the capability, reliability, and
flexibility of future spaceborne SAR missions [3][4]. Powerful
applications of bi- and multistatic satellite configurations are
single-pass cross-track and along-track interferometry [5]-[8],
high resolution wide swath SAR imaging [9][10], bistatic
imaging for improved scene classification [11][12], resolution
enhancement [13][5], SAR tomography [14][15], and frequent
monitoring [16][4]. However, the implementation of bi- and
multistatic SAR missions raises also a couple of new
challenges like collision avoidance in close satellite formations
[3][4], orbit design for the provision of appropriate baselines
[51[7], increased susceptibility to ambiguities [5][10], and
instrument synchronisation [19][1][17][12][18][4].

This paper addresses the impact of limited oscillator
stability in bi- and multistatic SAR. Oscillator errors deserve
special attention in distributed SAR systems, since there is no
cancellation of low frequency phase errors as in a monostatic
SAR where the same oscillator signal is used for modulation
and demodulation [19]. For a quantitative investigation, we
introduce in Sect. II a systems theoretic model which describes
residual phase errors of ultra stable oscillators (USOs) in the
framework of stochastic processes. In Sect. III, we will then
show that uncompensated phase noise may cause a time variant
shift, spurious sidelobes, and a widening of the bistatic impulse
response, as well as a low frequency phase modulation of the
focused SAR signal. The error for each contribution is derived
analytically by an appropriately weighted integration of the
power spectral density which models the second-order phase
fluctuations of the independent USOs.

II.  MODELLING OF OSCILLATOR PHASE ERRORS

A. Phase Spectrum

Random phase noise is often modelled by a second-order
stationary  stochastic process, which is conveniently
characterised in the Fourier frequency domain by its power
spectral density S,(f), where S,f) describes the one-sided
spectral density of phase fluctuations in units of radians squared
per Hertz bandwidth at Fourier frequency f from the carrier
[22][23]. Figure 1 shows a typical phase spectrum Sy(f) of an
ultra stable oscillator (USO) with a frequency of f,,. = 10 MHz.
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Figure 1. Power spectral density S(f) of oscillator phase noise (low
frequency values correspond to a Allan standard deviation [22] with
6.(1=15)=1*10", 6,(1=10s)=2*10"", 5,(1=100s)=6*10"").

The phase spectrum in Figure 1 can analytically be
described by a linear superposition of five different frequency
components [22][23]

Sp(N=a f+b-fTHe fPrd [T e (1)

where the coefficients a to e describe the contributions from (a)
random walk frequency noise, (b) frequency flicker noise, (c)
white frequency noise, (d) flicker phase noise, and (e) white
phase noise, respectively. The illustration in Figure 1 uses
{a=-95dB, b=-90dB, c¢=-200.0dB, d=-130.0dB, e=-155.0dB},
which can be regarded as a representative example for the USO
of current spaceborne SAR systems.
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B. Phase Errors in Bistatic Radar

Simulation examples of the predicted bistatic phase errors
in X-band are shown in Figure 2 for a time interval of 50 sec.
Note that for better illustration the contributions from a linear
phase ramp corresponding to different transmit and receive
oscillator frequencies have been suppressed for each realisation
of the stochastic process.

Bistatic Phase in X—Band

Phase [rad]

Figure 2. Example of bistatic phase errors in X-band for two independent
oscillators. Shown are six realisations of the stochastic process defined by
Fig. 1 after subtraction of a linear phase ramp.

C. Errors after Bistatic SAR Processing

After bistatic SAR processing, oscillator phase errors
manifest themselves as a deterioration of the impulse response
function (IRF). A time series of focused azimuth responses is
shown in Figure 3 for a coherent integration time of T = 1 s
(no weighting has been used). It becomes evident that oscillator
phase noise may not only defocus the SAR image, but it may
also introduce significant positioning (and phase) errors along
the scene extension.

Figure 3. Focused azimuth response as a function of time
(Ta =1 sec, Ve =7 km/s, 1o = 800 km, A=3.1cm).

III. IMPACT OF PHASE ERRORS IN BISTATIC SAR

Phase errors in both mono- and bistatic SAR may cause a
time variant shift of the mainlobe, spurious sidelobes, and a

widening of the impulse response, as well as phase errors in the
focused SAR signal [20][21].

A. Spurious Sidelobes

High frequency phase noise will cause spurious sidelobes in
the impulse response function. This deterioration can be
characterised by the integrated sidelobe ratio (ISLR) which
measures the transfer of signal energy from the mainlobe to the
sidelobes. Note that due to the steep decay of the phase
spectrum, ‘high frequency’ phase errors will mainly cause a
transfer of the signal energy from the mainlobe to the first
sidelobes (cf. simulation example in Figure 3). For an azimuth
integration time T, the deterioration of the ISLR may be
approximated from the phase spectrum as [19][1][20]:
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The factor 2 is due to the use of two independent oscillators
and the scaling factor in the parentheses is due to the
multiplication of the oscillator frequency f,. by (fo/fosc) to
obtain the radar signal with centre (carrier) frequency f,. The
upper integration limit may be substituted by the inverse of the
transmit pulse duration, since higher frequency phase errors are
averaged during range compression. Figure 4 shows estimates
of the ISLR for the phase spectrum given in Figure 1. A typical
requirement for the maximum tolerable ISLR is -20 dB which
would — in this prototypical example — enable a maximum
coherent integration time T, of 2 s in X-band and 10 s in L-
band, respectively. Such a prediction is also in good
(qualitative) agreement with the results from several airborne
bistatic radar experiments [19][24][12][25][26].
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Figure 4. Integrated sidelobe ratio (ISLR) for X-band (solid)
and L-band (dotted).
B. Mainlobe Dispersion

Quadratic phase errors will cause a widening of the azimuth
response [20][21]. For a bistatic SAR, these errors may be
approximated by
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A typical requirement for quadratic phase errors is 6o < /2
which would lead to a resolution loss of ca. 10 % in case of an
unweighted azimuth processing [20]. Figure 5 shows estimates
of the quadratic phase errors in X- and L-band for the phase
spectrum S,(f) of Figure 1. In this example, an integration time
up to approx. 4 s would still be tolerable in X-band ensuring
good bistatic focusing of the impulse response.

Quadratic Phase Error
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Figure 5. Quadratic phase errors for X-band (solid) and L-band (dotted).

C. Azimuth Displacement

Any difference in the oscillator frequencies of the
transmitter and receiver will cause a shift of the bistatic
impulse response. For a non-squinted quasi-monostatic
imaging geometry, the azimuth shift is given by
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where vg, is the satellite velocity, r is the slant range, and

(Af/f,) is the relative frequency deviation between the two
USOs. Note that a frequency deviation of only 1 Hz between
two 10 MHz oscillators (corresponding to a relative frequency
deviation of 107) will cause a constant azimuth shift of Ax =
1,7 km for vy, = 7 km/s and ry = 800 km. This constant shift
can be corrected for by ground control points or by an
appropriate phase referencing system. In case of the
simultaneous acquisition of both mono- and bistatic SAR data
(as e.g. in the TanDEM-X mission, [8]), it is also possible to
estimate such a shift by an appropriate co-registration between
the monostatic and the bistatic SAR images. The variance of
the remaining azimuth shift may then be derived from the
spectral representation of the Allan variance with nonadjacent
samples (cf. [23]) as
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where we assume a time interval t elapsed from the last
reference point. The solid curve in Figure 6 shows the standard
deviation of the predicted azimuth shift for the phase spectrum
in Figure 1 as a function of t. Note that the azimuth shift is
independent of the wavelength.
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Figure 6. Azimuth (solid) and range (dashed) displacement as a function of
the distance from the last reference point.

D. Range Displacement

The range shift of the impulse response will be dominated
by deviations between the PRFs of the transmitter and receiver.
Since the PRF is usually derived from the local oscillator by
appropriate time division, the shift in slant range may be
derived as

Ar(r) =<0 1 .t.pRFTXzC_O.ﬁ.[ (6)
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where we assumed again a quasi monostatic imaging
geometry. A frequency deviation of 1 Hz between the two 10
MHz oscillators will cause a linear range drift of the impulse
response by 15 m/s. From this, it becomes clear that already
small frequency deviations between the local oscillators may
cause rather large range shifts during one scene acquisition.
This may require a periodic PRF synchronisation to adapt the
receiving window to the transmit event [24], or, as an
alternative, continuous recording [5]. Furthermore, very precise
time referencing will be required for precise range
measurements. Possible solutions for time synchronisation in a
bistatic radar are discussed in [18]. An alternative is the
recourse to an appropriate set of calibration targets on the
ground. The residual range shift Ar may then be estimated from
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where A corresponds to the residual phase error not
compensated by the periodic range calibration. For an estimate
of Ap, we assume the availability of a grid of (ground and/or
phase reference) control points separated by a (temporal)
distance of Tc. This will allow for the correction of low
frequency phase errors up to the frequency 1/(2T¢). Note that
in case of a linear interpolation between the control points, the
remaining interferometric phase errors would be more severe
as can be gauged from the estimate of quadratic phase errors in
Eq. 3 and Figure 5. The variance of the residual phase error
may then be approximated by
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The dashed line in Figure 6 shows the expected standard
deviation of the residual range shift as a function of T.

E. Interferometric Phase Errors

Eq. 8 describes also the residual interferometric phase
errors after a correction of low frequency phase errors up to the
frequency 1/(2T¢). Figure 7 shows these remaining
interferometric phase errors as a function of 7¢. It becomes
clear, that the phase error will rapidly increase with increasing
control point separation 7¢. This causes a low frequency
modulation of the interferometric phase which affects mainly
the absolute height error in case of DEM generation.
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Figure 7. Interferometric phase error for X-band (solid) and L-band (dotted).

IV. DISCUSSION

This paper has analyzed the impact of oscillator phase noise
in bi- and multistatic SAR. Based on a second-order stochastic
model, quantitative estimates have been derived for potential
errors like a distortion of the bistatic SAR impulse response,
azimuth and range displacements, as well as interferometric
phase errors. The most demanding requirements arise from
multistatic interferometry. For example, the generation of high
resolution digital elevation models (DEMs) will require precise
relative phase knowledge in the order of a few degrees to avoid
a low frequency modulation of the DEM in azimuth. Such
errors require an appropriate phase referencing between the
independent USOs. As can be seen from Figure 7, the required
update frequency of an X-band interferometer is in the order of
1-10 Hz for the oscillator characterized in Figure 1. This
requirement is reduced for longer wavelengths. Possible
solutions for phase referencing are a direct exchange of radar
pulses [8] or a ping-pong interferometric mode [6] in case of
fully-active systems, and an appropriate bidirectional phase
synchronization link in case of semi-active constellations [17].
An alternative is the use of oscillators with a significantly
better long-term frequency stability in combination with a
sparse net of ground control points. For example, the space
qualified 5 MHz oscillators in [29] have a short term stability
of 6,(t=10s) = 10" which would decrease the interferometric
phase errors in Figure 7 by two orders of magnitude. Further
calibration techniques will be discussed in [30].
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