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Abstract: - In this paper, a nontrivial sampling clock imperfection analysis is presented for Synthetic Aperture
Interferometric Radiometers (SAIR). Sampling clock determines the edges a which analog radiometric
demodulated signal are digitized for digita correlation, and its jitter and skew could lead to SAIR performance
degradations. Firstly, the jitter and skew contributions to visibility uncertainty degradation is analyzed by SAIR
correlation principles. Secondly, clock jitter effects on Anaog-to-Digital Converter (ADC) SNR is
demonstrated, and this effect is quantitatively evaluated by Time Interval Error (TIE) jitter. The jitter
simulation method by Phase Noise Integration (PNI) is also proposed. Thirdly, the Phase Synchronization
Method (PCM) is presented to decrease the clock skews between correlation channel pairs to improve
decorrelation effects. The experimental verifications for clock jitter and skews are conducted on the BHU-2D-
U SAIR instrument, and the contributions of this paper are concluded. This paper has proposed nontrivia
imperfection analysis for SAIR sampling clock, and the conclusions could be used for SAIR and polarimetric
radiometer digita correlation designs.
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1 Introduction effects on visibility uncertainties and in the Fringe-
Synthetic Aperture Interferometric  Radiometer Washing-Function (FWF) are shown [3]. Secondly,
(SAIR) offers away of realizing the full potential of ~ the sampling clock jitter effects on ADC Signal-to-
microwave remote sensing from space by N0|se_ Ratlo (SNR) are ShO\.Nn’ and they are
overcoming the antenna size and on-board weight quantlta_t_lvely eva_l uateql by Time Interval_ Error
limitations, and the system configuration is highly (TIE) jitter, which is commonly applied in

, X ; communication industries. Also, the Phase Noise
fledble [1]. Severdl SAIR imaging systems have Integration (PNI) method is proposed to simulate

been in pperati_on, and vis_ibility uncertainty is vitl TIE jitter. Thirdly, the Phase Synchronization
for  radiometric - correlation performance [29].  \jethod (PSM) isillustrated and applied in reducing
1bit/2level digital correlations are applied [10], for sampling clock skews between channel pairs, and
analog correlations have unavoidable defects such systematic FWF errors are greatly reduced. Finally,
as temperature drift and unacceptable size. experimental verifications are conducted on BHU-
Therefore, IF signal must be digitized by ADCs 2D-U SAIR instrument, and the contributions of this
before digital correlation, but this operation leads to paper are summarized. This paper has proposed

visibility degradations [11,12]. nontrivial imperfection analysis for SAIR sampling
Sampling clock determines the edges at which clock, and could be applied in the digital correlation
sampling operations ae conducted. Clock design for SAIR and polarimetric radiometers.

imperfections such as jitter and skew, the difference
of edges between channel pairs, could both lead to
SAaIIR pirformance?f degragatiolns This  paper 2 Clock Imperfection Effectson SAIR
analyzes these two effectsin detail.
The anaysis begins with SAIR imaging Performance
principle, then focuses on the analysis of sampling

clock jitter and skew. Firstly, the jitter and skew ) .
I S I 2.1 SAIR Imaging Principle
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SAIR measures spectra components of the
brightness temperature distribution in the Field Of
View (FOV) by correlating received signals, as
given in Fig.l [1]. Visbhility is obtained by
correlating signal pairsas[3]:
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Figure 1. Configuration of a Two Channe
Demonstrator Model of SAIR.

Where E[e] is the expectation operator,
and* denotes conjugated signal. V; is the visibility,
b ;(t)is the I/Q demodulated signals, and (u,V) is

the baseline. By the Van-Cittert-Zernike Theorem,

the relationship between visibility and brightness
temperatureis[1]:

Vv = [[ T &, @e e ndedy (2)
§2+172§1

Which is the integral form of visibility, and

T, (£,7) is the modified brightness temperature

consisting of the target brightness temperature and
antenna  radiation paterns, 1, () is FWF,
Esn aBs @ and n=sin@dsing are directiona
cosines. To avoid FOV aliasing and systematic bias,
visibility background cancellation method is applied
as[13,14]:

Vg = Vr (U,V) -V, (U,V) (3)

VC (U, V) _VB (U,V)
Where, V;(u,V) , Vz(u,v) and V. (u,V) are the

target, background and calibrated visibility. Image
reconstruction is obtained by the IFT of this pre-
processed visibility [13]. Hence, vighility
uncertainties could lead to imaging errors, and
sampling clock imperfection analysis should be
focused on their impacts on visibility functions.

2.2 Clock Jitter and Skew in FWF

From EQ.2, clock jitter and skew are present in the
FWF of visibility function, and the timing difference
is an independent variable. The FWF in visibility
function can be given by [3]:

1 * * j2rfr
rﬁrhﬁh Ho (F)H;, (F)e/? ' df (4)
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Where B, and H,_, are the bandwidth and

normalized frequency response of receiver 1 and 2,

respectively. 7 is the timing difference between

channel pairs, including baseline delay, timing jitter

and group delay between receiver pairs. The FWF

gain factor can be further expressed by [15]:
_ @ l2n(feog)?+(Brs)’]

FWFe,in = (5)

Where o, is the root-mean-square (rms)
sampling clock jitter, zis the sampling clock skew
error, f.is the cutoff frequency of input analog

signal. In general, sampling clock jitter can be
designed to be less than 10% of group delay, hence
its impact on FWF gain is not prominent, but it
proposes significant contribution in ADC SNR
degradation [11,15]. Sampling clock skew, on the
other hand, is a more significant contributor in FWF
gain factor and must be carefully controlled.

3 Clock Jitter Characterization and

Simulation

As stated above, clock jitter could lead to ADC SNR
degradations, and this part analyzes this effect in
detail, and a nontrivial simulation method of clock
jitter by phase noise integration is proposed.

3.1 Clock Jitter Impact on ADC SNR
If input signal is assumed to be sinusoidal, the
widely accepted ADC SNR equation is given by

[16]:
22

Y
2 1+¢ 2 2Nn,rn’8)2]2(6)

5( o )"+ (

Where the first term inside the square bracket is
SNR degradation by clock jitter, the second and
third term are caused by quantization and input
noise, respectively. For high-bit quantization (more
than 4 bit) in SAIR digital correlation, quantization
and input noise can be neglected, and clock jitter
becomes the dominant contributor of ADC SNR,
which can be proposed for sinusoidal input analog
signal by [16,17]:

S\IRILKjitter,Sne = —20'9(272' fco-clk) (7)

However, SAIR IF signal cannot be regarded as
sinusoidal. A more appropriate approximation is
given by a Gaussian narrow-band noise, which is
represented by a rectangular in Double Side-Band
(DSB) power spectrum shown in Fig.2 as:

NR,,, =-20lg[(27 .o

cl

Ik)2+
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Figure 2: Power Spectrum of IF signal before ADC
sampling.

The corresponding SNR equation for this kind of
analog signal incurred by sampling clock jitter is
proposed by [18]:

S\IRCLKjltter Gauss — 20|g(2ﬂ' fc clk/\/é) (8)

Therefore, the sampling clock jitter requirement

is x/i_%times less strict than sinusoidal input SNR.

The ADC SNR requirement for SAIR system can be
proposed by [19]:

\Y;
MR = SONR o e + 20lg(-2222) . DR +DL (9)
p-psine
In which the second term is the peak-to-average
ratio between Gaussian and sinusoidal signal, and

maximum receiver Dynamic Range ( DR, )and
Distortion Loss ( DL ) should also be considered.

The first term is the quantization noise for Gaussian
input signa limited by [20]:

QNRADC Gauss — 1O|g( )

In which T,+T; is the SAIR system noise

temperature, AT is the radiometric temperature
sengitivity. A 5 dB margin is selected to avoid clock
jitter impact on ADC SNR, then the jitter limit is
quantitatively defined as:

(10)

S\IRCLKjitter > NR,,. +5dB (11)
3.2 Clock Jitter Characterization and
Simulation

Severa characterizations have been proposed for
clock stability evaluation [21]. As clock jitter is a
long-term effect whose probability density aways
follows Gaussian distribution, a statistical jitter
evaluation isrequired [22].

Time Interval Error (TIE) jitter is a widey
accepted  statistical  jitter  evaluation  in
communication industries, and as will be
demonstrated, thisjitter could be ssmulated by Phase
Noise Integration (PNI) [23]. Since most suppliers
do not provide jitter measurement results, but only
phase noise profiles, it is attractive to use TIE jitter
to evaluate sampling clock instability. The real-time
TIE isgiven as[21]:

TIE(t) =T (t) (12)

_Tref (t)
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Where T (t) is the actua transition time of the
clock edge, and T, (t) is the ideal transition time.

the long-term instability effects of timing jitter is
represented by the rms TIE jitter, which can be
given by [21,23]:

_ - 2 _ (13)
TlEms—N%\/le;—E(tn),n—lZ...,N 1

Phase noise profile in frequency-domain can be
given by [24]:
L(f - f,)=10Ig[S,(f)/S.(f.)](dBc) (24)

The square-wave clock could be given by the
sum of odd number Fourier Series as:
2N+1 H(t)

Where A is the harmonlc amplitude, and the

time-domain effect of phase noise is the overall
effect of phase instability A(t) , whose power
spectrumis presented by:

Sy (f) =

Where n,(t) is the time-domain phase noise

term. Since the TIE Jitter could be given by phase
instability as:

L(f)

j n, (t)e 2" "dt =10 1 (16)

o(t,)
2xf

Where t is the nth clock cycle, hence the rms
TIE jitter could be simulated by Double Side-Band

(DSB) PNI as:
L(f)
2 j 10© df (18)
27 f, 27rf

This conclusioon is useful in TIE jitter
evauations, and will be verified in the results and
discussions section.

(17)

TIE(t,) =

c

L _Ae@w)

TIE,rms

4 Clock Skew Requirement and

Control

4.1 Clock Skew Requirement

Clock skew requirement is anayzed by FWF
approximations. If channel frequency response is
assumed to be rectangular, phase difference between
channel pairs can be expressed as[20]:

Hy,(f)= A4 (19)
Where Ag,, is the phase difference between

channd 1 and 2. Phase difference is often assumed
to be uniformly distributed within the limit Ay :
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1
— , |Agl<A
oag)={zny M= (20)
0 ., [Ag]>Ay
And the FWF can be simplified to:
r,(7) = Sin(A¢)/A¢ = 3nc(Ag) (21)

It is found that a 10 deg phase difference could
lead to 0.5% visibility degradation, as shown in
Fig.3. Sampling clock skew contributes to this
difference, and must be decreased as low as
possible.

Sampling Clock Skews on Visibility Uncertainty
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Figure 3: Sampling Clock Skew Errors on Visibility
Uncertainty.
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4.2 Phase Synchronization Method (PSM)

In SAIR 1 bit/2 level digita correlation architecture,
the sampling clock is distributed several times
before it is fed to ADC module. If the last stage
before being fed to ADC is designed as a Phase
Locked Loop (PLL) clock conditioner, then Phase
Synchronization Method (PSM) can be applied,
whose block diagramis shown in Fig.4:

! Q ock Qutput ‘
¢. Phase Synchroni zat i on ¢
1 CLK |
> Conditioner-1 ! ADC-1
bisribution | | Conditioner-2 [ > ADC2
Network . :
¢N CLK ¢N
> Conditioner-N ! ADC-N

Figure 4: Clock Oubitijtii:’hase Synchronization.

The PSM is applied with on-board phase
adjustments of the i and j th CLK conditioner as:

6 =6, K A 1,1 =L2.N,i %] (22)
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In which an upper limit Ag, . is defined for

sampling clock skew requirement. With the adjusted
phase in each clock conditioner, the FWF
decorrelation effect caused by sampling clock skews
can be reduced. Although this method is tedious, it
has to be conducted for a lower sampling skew to
reduce FWF gain error.

5 Resultsand Discussions

Based on the discussions above, the sampling clock
jitter, skew and FWF decorrelation effects are
demonstrated by the BHU-2D-U SAIR instrument
[25-27]. The related systematic parameters are given
in Tab.1 below [26]:

Table 1: BHU-2D-U Related Specifications.

Parameter Specification
Working Distance 255m
range Resolution 6.5 cm@3 m
Imaging Rates 2~20 images/sec
Center Frequency 34 GHz
Antenna Temperature 300 K
Temperature Sensitivity ~3K@50ms Integration Time

Cadlibration Method External Point Source with

Background Cancellation

Receiver Type Dua Conversion
(DSB for 1/Q Demodulator)
Receiver Noise Figure 45dB
Receiver Bandwidth 200 MHz DSB
Receiver Dynamic Range 4 dB Max

Power Measurement Sub-
System

8 bit ADC (200 MSPS) and
1bit/2leve auto Correlator

ADC Distortion Loss 4 dB Max
ADC SNR Requirement 32.2dB
FWF Gain Error 1.5% Max

5.1 Sampling Clock Jitter and ADC SNR

As the I/Q demodulated radiometric signal covers a
+200MHz DSB for BHU-2D-U, the PNI is
performed in DSB mode for the sampling clock.
Fig.4 gives the single sde-band (SSB) RM S jitter of
1.52 ps (100 Hz~200 MHz offset frequency range,
which covers flicker noise, in-band PLL noise and
wideband thermal noise ranges), and a DSB RMS
jitter yields 2.15 ps clock jitter.
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Sampling Clock Phase Noise Integration Simulation
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Figure 5. TIE Jitter Simulation by Phase Noise
Profile Integration.

TIE jitter measurements are conducted by high
sampling rate digital oscilloscopes, and the
simplified sampling clock distribution network in
BHU-2D-U is given in Fig. 6, in which clock TIE
jitter ismeasured at 3 positions.
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Figure 6: TIE Jitter Measurement Setup.

Test results are shown in Fig. 7, and clock
driving and distribution impacts on jitter
degradation are clearly observed. The worst clock
TIE jitter is 2.44 ps a clock output (2.15 ps from
PNI simulation), and 3.92 psat ADC clock port.

Sampling Clock TIE Jitter Measurements
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Figure 7: Sampling Clock TIE Jitter Measurements.
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Therealized jitter-incurred SNR by Eq.8 is 50.92
dB, which is larger than the 47.93 dB requirement.
The Effective Number of Bits (ENOB) is used to
evaluate the realized SNR [28] as:

ENOB = NRwpc ~1.76 (23)

6.02
The redized ENOB at various input frequencies
are proposed in Fig.8. The worst ENOB of 6.97 bit
ENOB occurs at 200.1 MHz, and the realized ADC
SNR is 43.60 dB, which is more than the 42.93 dB
requirement.

Realized ENOB of 96 ADC Modules
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Figure 8: Redized ENOB of 96 ADC Modules.

5.2 Sampling Clock Skew

The raw skew without phase synchronization is
given is Fig.9, and the calibrated skew by phase
synchronization method is proposed in Fig.10.

Raw Sampling Clock Skews
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Figure 9: Raw Sampling Clock Skews.
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Sampling Clock Skews after PSM
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Figure 10: Improved Sampling Clock Skews by

PSM

As shown in Fig.9 and 10, sampling clock skew
maximum values are improved from +500ps to

+120ps , hence the FWF gain error effect is

improved from 95.16% to 99.62% to meet the
systematic requirement of 1.5%. The 6-channel
FWF gain measurement isgivenin Fig.11 as:

FWF Gain Loss VS Sampling Clock Skew

] &;;;;}""’ //'/

FWF Gain Loss/Normalized|

-1.5 -1 -0.5 0 0.5 1 1.5 2

Sampling Clock SkaA;s Ins

Figure 11: Phase Synchronized Sampling Clock

Skews

It can be clearly observed from Fig.10 that FWF
correlation loss is within 1%, which satisfies the
15% systematic requirement. The overal group
delay, including all receiver group delays, is about
+450ps.

6 Conclusion

In this paper, a nontrivial sampling clock
imperfection analysis for SAIR systems is proposed.
It is first demonstrated that clock jitter and skew
both impact FWF, for which clock jitter is a less
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significant contributor. Secondly, as clock jitter can
degrade ADC SNR, for which a rigorous SNR limit
is set for jitter control. TIE jitter is proposed as the
most appropriate chacterization for clock jitter, and
it is smulated by phase noise integration. Thirdly,
clock skew reduction by phase synchronization
method is proposed. Finally, the clock TIE jitter
simulation and tests, the clock skew reductions and
the improved FWF results are shown. The
contributions of this paper can be summarized as:

1, Although clock jitter has less impact on FWF,
its degradation on ADC SNR is clearly shown. A 5
dB SNR margin is imposed on the raw ADC SNR
limit to guarantee that jitter has no degradation on
SNR. TIE jitter is demonstrated to be the most
appropriate parameter to evlauate long-term
statistical clock jitter, and can be simulated by phase
noise profiles to estimate SNR in advance.

2, As clock skews can degrade FWF correlation
efficiency, the PSM is proposed with on-board
phase calibrations, and the improved FWF results
are shown. PSM is therefore obligatory in SAIR
ADC clock chain design.

Compared with previous reports, the sampling
clock imperfection analysis method proposed in this
paper are nontrivial, and can be applied in the ADC
clock design for SAIR or polarimetric systems.
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