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Abstract— Oscillator phase noise can dictate the performance Il. SYNCHRONIZATION SCHEMES
of bi- and multistatic SAR imaging. In this paper the use of

a dedicated synchronization link to quantify and compensat .
oscillator phase noise is investigated. Different synchrazation Depending on the SAR hardware and the affordable synchro-

schemes are presented and their performance is analyzed. @her- hization system comp!exity, various hf_;lrdv_vare_ configuretio
ror contribution of the synchronization link itself, which may suffer may be used to establish the synchronization link. In alesas
from receiver noise, aliasing, interpolation and filter misnatch is the aim is to exchange signals containing information on the

included in the analysis. The synchronization link performance is gcillator noise between the radar instruments.

given in a frequency domain closed integral form. . . .
The continuous duplex synchronizatiatheme which has

first been suggested in [3] is shown in Fig. 1(a). In this case
both satellite 1 and 2, separated by a distanceontinuously

In [1] it was shown that oscillator phase noise levels ingign transmit and receive their local oscillator signals. Altively,
icant for monostatic SAR can severely degrade the perfocmatyyised synchronization is possible as indicated in Fig).1(b
of bistatic and multistatic SAR. Depending on the applica4ere, each satellite repeatedly transmits its synchréinizaig-
tion, acceptable performance may be reached through highiy. Forpulsed duplex synchronizatiphoth satellites transmit
stable oscillators, or by analyzing the processed SAR sigRgnchronization pulses at the same time instances. In Seafa

in conjunction with ground control points [1], [2]. Here, wepy|sed alternate synchronizatidhere is a time delay between
investigate an alternative approach based on a hardwaesyshe transmit instances of satellite 1 and 2.

to synchronize the two instruments. If a dedicated intetizt

synchronization link is established to exchange the aoill I TS

signals, then, by adequate processing, a correction sigimatbe ‘S%\é %%W%' ‘S@é MN%&'

derived to compensate the oscillator phase noise in thatigist o

SAR signal. The use of a continuous duplex intersatelliikdli \/ \/

for oscillator drift compensation was first proposed in [8pa

has been further investigated in [4]. The concept is somehow (a) continuous duplex (b) pulsed (duplex/alternate)

similar to microwave ranging used to determine the sepﬁrratlFlg 1

between platforms [5], [6], however, the phase synchrditina

requires a different processing approach. In this papentend

the approach to include additional synchronization sclsemmel A parameterized timing diagram covering the above three

we include additional factors such as receiver noise ancbRop cases is shown in Fig. 2. At time satellite 1 transmits the

effect as well as contributions known from sampling thedfly [ Synchronization signal of duratiof,, which is receivedr;,

such as aliasing and interpolation errors, which are ctdora Seconds later by satellite 2. Similarly, after an interneitem

the performance of the synchronization. Several coniobst delay of 7y, satellite 2 transmits its synchronization signal

such as the influence the ionosphere or relativistic effants at ¢ + 7sys, which is received by satellite 1 with a delay

neglected; we are aware that these contributions mightrbecocorresponding to the signal travel timg . This procedure may

significant, however, we rather choose to maintain the ggénele repeated at the synchronization ratg. The synchronization

overview character of our approach. lasts over the data take tin¥aa.
The paper is organized as follows: after pointing out pdssib

synchronization schemes and their respective timing s&s$ue Vo

section I, the signal phase representation is stated agd tos e

derive the compensation phase in section Ill. The perfooman

of the synchronization link is analyzed in section IV with an

increasing degree of complexity corresponding to the wdfie UL LS LAAAAA t

synchronization schemes. The most general (complex) mathe SV; I

matical description will be the last covering the formeresas Sat1Tx Sat2Rx  Sat2Tx Sat 1R

I. INTRODUCTION

Synchronization schemes.
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Manuscript received ; revised . Fig. 2. Timing diagram for the exchange of synchronizatiefses.
M. Younis, R. Metzig, and G. Krieger are with the MicrowavesdaRadar
Institute, German Aerospace Centre (DLR). E-Mail: maryannis@dir.de.



2 GRSL-

[1l. SYNCHRONIZATION SYSTEM MODEL C. Synchronization Approach and Definition of Terms

The contribution of the oscillator phase noise to the SAR The basic idea behind phase synchronization is to determine
signal phase error can be compensated by establishing @dhetihe phase noise and frequency offset differences in (2) &nhd (
of phase referencing. Here, a direct exchange of synctaeniZhus, the phase noise, described through its spectral tdensi
tion signals between the satellites through a dedicatddisn is the useful, i.e. “wanted”, quantity. Here, the same amaly
assumed. In order to keep the methodology independentnoddel and parameter values detailed in [1] are used to repres
the specific synchronization scheme and link implementadio the phase noise spectral densfty(f) at oscillator frequency
general mathematical model is established in this seclibe. f.,.. = 10 MHz. At nominal up-converted RF frequengy the
aim is to use this model as a basis for deriving quantitativ@lid phase noise spectral density is given{3s,,(f), where
estimates for the performance of the synchronization link. ~ is the ratio of RF to oscillator frequeney= fo/ fosc-

A general signal flow block diagram is shown in Fig. 3 for
A. Oscillator Signal Phase a priori phase correction, i.e. before SAR focusing. Sdvera

Satellite i transmits a synchronization signal, which is refactors will influence the phase of the synchronization lagk
ceived by satellitej, wherei,j € {1,2}. The frequency of shown in the lower signal path in Fig. 3. Here the transfer
oscillator 7 at start of data takeq is f; = fo + Af;, with function Hyp(f) describes the effect of alternate pulse syn-
the nominal frequency, and a constant frequency offs&tf;. chronization. Thereceiver noise determined by the signal-to-
The phasep;(t) at timet is the integration over frequency: noise ratio SNR is of special interest; its influence on the

t signal phaseis described by the receiver phase noise spectral
0i(t) = 27r/fi(t)dt + Ginti + ngi(t) (1) density fun_ctionSWNR(f). _Further,_for pulsed _synchronization
the phase is sampled, which requires a later interpolatidtheo

compensation phase. We may choose to filter the compensation
phase with an —arbitrary— transfer functidfy,, (f). Finally
the compensatedSAR phase (SAR phase after subtracting
the compensation phase) is filtered through the azimuth com-
pression. This filter is described through the transfer fionc
H,,(f) and is dependent on the azimuth processing [1].

to
with the initial —time independent— phase;,;;, and the
oscillators phase noise;(t) [8].

Satellite j receives the signal after a delay corresponding
to the time it takes the signal to travel the distandetween the
two satellites. At the receive instante;; the phasep; (t+7;;)
of oscillatorj is:

t+7ij o) SAR phase

@it +7ij) =27 / fi()dt + @inij +1p;(t +7i5)  (2)
to

The demodulated phase;;(t) available at satellitg for a
signal transmitted by satellité is the difference between (2) aliernate
and (1) after including the system and path contributiorree T Ponalt)
data take start timeé, can be set to zero without restricting
generality. The phase diﬁerence;%- (t) and Dij (t) are used to Fig- 3. Synchronization and SAR signal flow block diagram.
obtain the compensation phase.

azimuth
compression

comp. phase

Hsyn (f)
sampling interpolation sync filter

The performance of the synchronization link is determined
B. Compensation Phase by the quality of the phase noise reconstruction. The figiire-
merit is the phase varianeg,, after subtracting the oscillator
phase noise and performing the azimuth compression (see
1 Fig. 3). The link phase error, i.e. the residual contributto
Pe(t) = 9 (p21(t) = 12(1)) ®) the synchronized SAR, is represented by the standard eviat
whereyp,; (t) andyp;o(t) are the demodulated phases of the sy§STD) diink.
chronization signals recorded by satellite 2 and 1, regmdgt ~ Note that according to the above model, the SAR transfer
The advantage of using the phase difference —the comperfséction H.,(f) is applied on the signal’s phase instead of
tion phase is actually the difference of the differencegsithe the signal itself. It can be shown that this is valid —from
phasesp;»(t) andy,, (t) already represent a phase difference-the synchronization point of view, where the SAR focusing is
is that the antenna, link path,and all common Tx/Rx systewfiderstood as an averaging process— for small values of the
phase variations will cancel out as long as their contrisutio residual phase errafy;y.
not change within the time a pair of synchronization sigraaés
exchanged. The compensation phase can then be used tat correc

the time varying oscillator phase noise errors and the #aqy In the following the link phase error is given for the synchro
offset of the SAR signal. nization schemes in section Il including the error contiitrs

resulting from the synchronization link itself as descdhe

1t is irrelevant whetherf; is the oscillator frequency or the up-convertedthe model of section 11I-C. The results are given for an Ldban
RF frequency as long as the representation of the oscillat@ase noise is . B . . B -
consistent. Consequently the temscillator phase noise identifies the phaseradar with fo = 1.25GHz, ie. with Y= fO/fOsc = 125, but

noise originating from the oscillator without specifyiniget frequency. the expressions are readily applicable for other frequenci

The compensation phasg (t) is obtained by computing the
difference:

IV. PERFORMANCE OFSYNCHRONIZATION LINK
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A. Continuous Duplex Synchronization [3] over a periodl},, which is equivalent to a low-pass filter. The
Both satellites continuously transmit the synchronizatig- Nk error variance then is:
nal during the data take. The system hardware must be capable 9 1 +Bw/2
. . . . . o
of simultaneous transmission and reception, and the signab? = —SNE | Hsyn (f)Haz(f))?df (6)

must be sufficiently decoupled, which may cause problems 2 4BW'SNR_B /2

when using the same carrier frequency. Here, the singleepuls .

length is equal to data take tim®, = Tyu., the system where uncorrelated noise and eqdalR values are assumed for
- atas . . .

delay vanishes,. = 0, and the signal travel times are equa oth receivers. We note that increasing the bandwig{thdoes

T = o1 = T = /¢, Wherer is the distance between the oot reduce the link error, as (6) might misleadingly suggibst

satellites. The compensation phase in (3) follows from areason is that th_SNE is _not independent fronBW. .
P P 3) i The synchronization link errosry;, is plotted in Fig. 5 as

(2) yielding: a function of theSNR for different azimuth integration times.
wo(t) = 2m(Afs — Af1) -t +npa(t +7) —npi(t+7) Clearly, averaging reduces the error, however it shoulddm k
+ 7(Afs — Af1) T + Ginit — Pinio in mind thatH,,(f) depends on the SAR processing and is not
1 an independent function.
+ §(<PSNRJ (t+7) — psnre(t +7)) (4)
10.00F™ BN A A A A E|
The first line of (4) contains the time-varying terms used to = i \ 1
compensate the SAR phase noise and frequency offset. Here, t 5 nd averaging
frequency offset termr (A f, — Af1 )t results in a linear phase § 1.00¢ \ E
ramp, which can be extracted to correct the frequency offset ) i 1
error of the SAR signal; consequently this term is neglected fg 040 T34 la=08s |
for the further analysis. The second line in (4) is constant g \
for constant satellite separation and thus irrelevant for t oot L IN \
link performance (the influence of varying satellite separa o 10 20 30 40 s 6
is considered in section IV-C). The main error contribution signal-to-noise ratio SNR [dB]
dictating the performance of the synchronization link, e t
phase variation due to receiver noisgyr. Fig. 5. Standard deviation (STD) of link error versus tB&R with the

: : ‘ot : eraging timel, as parameter and a fixed bandwidi, = 300 Hz. The
The receiver noise, consisting of thermal noise and theenogéz’imuth iransfer function ifla, (f) = sin(wTa f)/(nTa f) and Hagn(f) = 1.

collected by the antenna, will introduce both amplitude and
phase fluctuation to the synchronization signal. Here pthese

variations described by their spectral density functioe af B py|sed Duplex Synchronization
interest. For band limited white Gaussian noise the splectra

density functions.,..., (f) is related to theSNR through [9]: Synchronization pulses of duratidfi, are simultaneously

transmitted by both satellites evetyf,,, seconds. The same

Spann(f) = 1 5 system hardware and decoupling constraints as for therzenti
2By - SNR ous synchronization apply. Since operation is duplex, yiséesn

with the receiver (noise) bandwidiB,,. Choosing the value of time delay vanishes,,; = 0 and the travel time is equal for

B,, is a compromise between reducing the receiver noise (I80th signalsriz = 721 = 7 = r/co. The compensation phase is

bandwidth) on one side and ensuring that the frequencytofféee time-discrete equivalent of (4) given by:

Afy — Afi] and the higher frequency componentsSf( f 1

Llre Sl With|in the receiver bandwidth (high bandwidktqr?éf "t = 5 (Psnri (tk +7) = swra(te + 7)) @

The compensation phase spectrum is visualized schenatical — 7(Afy — Af1)- (7 + 2tg) + nga(ty + 7) — ny1 (tk +7)
in Fig. 4. In addition to the oscillator phase noise spectitim

also contains the receiver phase noise causing the link erroWhere the discrete sample instanegsre given by:

k

oscillator phases ) . fsyn
noise spectrum S0 roe o notee Phase With |Tyata - fiyn| the total number of synchronization pulses

spectrum S qyg(1 X
during data take.
7 ~_ " An estimate of the time continuous compensation phase
> . (t) will be recovered from the discrete samples (for example
by sinc interpolation). Now, in addition to the receiver smi
the compensation phase will contain interpolation andsal@

Fig. 4. Schematic spectrum of the compensation phase shawinadditve €rrors (also detailed in [1]) as shown schematically in Big.
white receiver noise spectrunt(y, (f)=1).

ty

for k= O, 1, e LTdata 'fsynJ (8)

receiver bandwidth By —————

2The filter mismatch error (introduced later in section IVi€jgnored at this
. . L . oint, thus assuming no additional distortion within theklpath Hsyn(f) =
The S|gnal-to-n0|se ratio Is |mpr0ved throth the azimu ; the filter mismatch error is obtained readily by (17) bytisgt Hy,p(f) = 1

compression where the compensated SAR signal is averagetreplacing the upper integral limit b, /2.
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and the receiver noise variance
fsyn /2 Fig. 7. Contributions to the link error (standard deviajioversus the

1 1 synchronization ratsy,, for SNR=40 dB.
|Hoyn () Hao(F)Pdf  (11) Y

_0-2 e —
2 SNE T 4f 0 SNR
—fayn/2
. . . where fp = fovsat/co is the Doppler frequency due to the rel-
Ihg w:;erpolauonlerror IS becaulse frequelnqt/ (;:om{)ortlﬁnt tive velocityv,,; between the two satellites. The Doppler phe-
outs! I'e © rjmr?&y‘syn </ t<b+§fsy“ arte Otsd l;Iiu;)' © nomenon manifests itself for alternate synchronizatiotses;
sampling and hence can not be reconstructed. NG pecause of the unequal signal travel times # 71 due to the

grtror resuIIE[.s lfromf tthhe cycI||<? refpetltlon Of_ tthhe sfpectrum & hanging satellite separation between the transmit inetan
integer multiples of the sampling frequeny,; thus, frequency andt+7s,. However, the Doppler phase contribution is constant

i L 1 ' . ; . )
components outside the range; foyn < f < +5fyn Will be for constantv,,,. Only a relative satellite acceleration, i.e. a

fo'_?_ﬁ: '2;0 Fgea(l)r(':%':t?.lbsgi (:;utr: tﬁaeutsc;?a% l“:\i 2'::’:3";?:;?0 time dependent,, (t) will cause a phase error. For severe inter-
in Fi I7 I\#hz link er:olrJ :s dictated b thle interpolation an&atellite acceleration a Doppler phase compensation &ssacy
9. 7. y P which requires the satellite separation to be known. Thehlas

aliasing errors for I(.)Msy“.and by the_receiver noise for_ _highlines in (12) represent the wanted compensation phase jterms
Jsyn- Without averaging, Fig. 7(a), the interpolation and afigs however, it is recognized that each oscillator's phaseends

errors are equg&i — Ja Averagmg mainly re-duc.es the rece'Versampled at different time instances. This is equivalent lmwa
noise and the interpolation error as shown in Fig. 7(b), &g t

. : pass comb filter having the following impulse response and
results in a smaller link error. . .
transfer function, respectively

C. Pulsed Alternate Synchronization hrp(ty) = %(5(@) + 6tk + Toys)) (13)

The transmit instance of satellite 2 is delayed &y, with _ o )
respect to satellite 1. In this case a full-duplex sys:iierﬂWare Hup(f) = exp(=imfTays) - €08 (m/Toys) (14)
is dispensable, and the signals are inherently decoupfedruf Thus the compensation phase will contain a low-pass filtered
the possibility of using a single carrier frequency. Thesgdl version of the oscillator noise. On a first sight this will satan
alternate scheme has been suggested within the contextnsfease of the phase error. However, as indicated in Fige8 t
navigation satellite state determination in [10]. Eacrekize low-pass filter effect may prove useful for reducing thesifig

transmits/receives pulses of duratidp at the synchronization €IT0r, since it attenuates the higher frequency components

rate f.,,. The time discrete compensation phase is |f| > & fiyn Of the oscillator phase noise, which would otherwise
1 contribute to the aliasing error.
e (ty) = Q(SDSNRJ (tk + T + Tsys) — @snre (tk + 7)) The total phase variance is the sum given by:
1
T(Afy = Af1) - (7 + Toys + 2tx) — TfDTys Ofpk = 07 + 02 +0f + §U§NR, (15)

+ N2 (tk + T) + N2 (tk + Tsys)

3Here the time delayr is ignored because it is assumed much shorter in
— N1tk + 7 + Toys) — N (te) (12) o de

comparison to the system delay, i< Tsys.
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aliasing error
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Fig. 8. Schematic spectrum of the compensation phase spdanlow-pass
filtered spectrum and the aliasing and interpolating errors

with interpolation and receiver noise variance given bygsgl
(11), respectively. The aliasing variance is given by:

foyn/2

o2 =292 Z
i:1_.fsyt)/2
|HLP(f +1 'fsyn)HSyn(f)HaZ(f)|2df (16)

S«p(f +1 'fsyn)'

In additional afilter mismatcherror oy caused by the distor-

tions of the synchronization link transfer functiéfy,,, (f) may
appear. This is given by:

fsyn /2

oF = 272 / S (N Has (N [Hup () Hen () — 112df (17)
0

The link error for the case of pulsed alternate synchroniza-
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(b) optimizedTsys = 1/2fsyn

Fig. 9. Contributions to the link error versus the synchration ratefsyn for
SNR=40dB, T, = 4s and H.p (f)Hsyn (f) = 1.

tion is shown in Fig. 9. The synchronization system transfPiS& compensation is possible, if the compensation afgori
function is chosen to eliminate the filter mismatch errondes and signal timing is adapted to the link hardware and SAR

Hip(f)Hoyn(f) = 1 for |f| < Lfyn. The main difference Parameters.

between alternate and duplex synchronization is the afjasi
error (compare Fig. 7(b) to Fig. 9). This error is reduced
for fynvalues nearl/2r.s. Thus for a fixed system delay [1]
Teys = 25ms in Fig. 9(a), the aliasing error is only reduced
for rather highf;y» ~ 20 Hz. In this case the total error, mainly 2]

dictated by the receiver noise is not significantly redud®ten

adaptingr,y to the synchronization rate so as to maximize the
low-pass filter effectry,s = 1/2f.yn (in this case the transmit [
instances of satellite 1 are interleaved midway betweesetho

of satellite 1) the aliasing error is minimizednd the total link

error can be reduced for smgll,, values as seen from Fig. 9(b).

V. CONCLUSION

o . . (6]
A synchronization link is a solution to avert the perfor-

mance degradation due to oscillator phase noise in bistatic : 23, _ _
1 A. Papoulis, “Error analysis in sampling theorf2toceedings of the IEEE

SAR. Starting with an investigation of different synchroation

schemes closed analytic expression for the link performangs)
are derived. The approach is novel in the sense that it uti-
lizes the knowledge of the statistical oscillator paramsgte
system error contributions, sampling considerations aA® S
processing parameters in order to formulate the residuaégph(10]
error after synchronization. The results showed, that afahr

consideration of the interrelation between the variouskyor
nization link parameters is required. Successful osoillphase

4True for a strictly monotonic decreasing phase noise spec8, (f).
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