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Tracking length and differential wavefront sensing signals from quadrant photodiodes in
heterodyne interferometers with digital phase-locked loop readout
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We propose a method to track signals from quadrant photodiodes (QPD) in heterodyne laser interferometers
that employ digital phase-locked loops for phase readout. Instead of separately tracking the four segments
from the QPD and then combining the results into length and Differential Wavefront Sensing (DWS) signals,
this method employs a set of coupled tracking loops that operate directly on the combined length and angular
signals. Benefits are increased signal-to-noise ratio in the loops and the possibility to adapt the loop bandwidths
to the different dynamical behavior of the signals being tracked, which now correspond to physically meaningful
observables. We demonstrate an improvement of up to 6 dB over single-segment tracking, which makes this
scheme an attractive solution for applications in precision inter-satellite laser interferometry in ultra-low-light

conditions.
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I. INTRODUCTION

Laser interferometry is a powerful method to measure tiny
distance variations as changes of optical pathlengths. When
the optical pathlengths cannot be kept constant to within a
small fraction of a wavelength, heterodyne interferometry is
frequently applied, i.e., by interfering two laser beams that
have a finite frequency difference. The interference pattern
is recorded with a photodiode, which produces a photocurrent
with a sinusoidal component at the heterodyne frequency. Dif-
ferential changes of optical pathlength are then converted into
phase changes of that sinusoidal beatnote, which are measured
with a phasemeter instrument. Heterodyne laser interferome-
ters have been employed with great success in space-based
gravity missions [1, 2], which require high precision displace-
ment sensors with a large dynamic range.

Several techniques exist to perform this phase measure-
ment with sub-picometer precision in the millihertz frequency
band as required for applications in gravimetry, gradiome-
try, and gravitational-wave detection [3—12]. When the het-
erodyne frequency changes with time, as e.g., over inter-
spacecraft optical links such as the LISA mission [13, 14] or
the Laser Ranging Interferometer (LRI) on GRACE Follow-
On [15, 16], the usual technique is to employ a Digital Phase-
Locked Loop (DPLL) [7-12, 17] architecture to track the am-
plitude, frequency and phase of the beatnote, even when the
received beam is sensed at sub-picowatt power level due to the
beam divergence over the large propagation distances typical
of inter-satellite laser links.

In many applications of laser interferometers, such as in
gravitational reference sensors [18], spacecraft attitude con-
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FIG. 1. Illustration of the Differential Wavefront Sensing method.
Two waves impinge on the surface of a quadrant photodiode (QPD)
at an angle. The upper and lower segments of the QPD thus measure
different phase offsets between the interfering wavefronts. In the case
of heterodyne interference, this angular misalignment between wave-
fronts manifests as shifts of the phase of the measured photocurrent
beatnote signals.

trol [19], or precision laser beam pointing to remote space-
craft [20], it is beneficial or even essential to determine not
only the relative optical pathlength change between the two
interfering beams, but also the angle between their wave-
fronts, since the latter is a very sensitive measurement of mis-
alignments in the optical system. The standard technique to
achieve this angular measurement is Differential Wavefront
Sensing (DWS) [21, 22], which uses a quadrant photodiode
(QPD) to detect the interference pattern. The average phase
over the four segments represents the length signal, while the
difference between left and right or top and bottom represent
horizontal and vertical misalignments, respectively (see Fig-
ure 1).

In previous implementations, the phase measurement is ap-
plied separately to each segment of the diode, and the results
are then combined. This paper describes a method to track
the phases of the beatnotes from the four segments of a quad-
rant photodiode with DPLLs. In Section II, the function of
a DPLL as a phasemeter core is summarized. The standard
application of four independent DPLLs to the segments of
a QPD is described in Section III, and the proposed scheme
in Section IV. A noise analysis of the new technique, with
a comparison against the conventional method, is reported in
Section V, followed by a conclusion in Section VI.
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II. PHASE MEASUREMENT WITH DIGITAL
PHASE-LOCKED LOOPS

The principle of a DPLL is to generate a digital sine wave
in a Numerically Controlled Oscillator (NCO), and to make
it track the incoming sinusoidal beatnote signal in frequency
and phase. After appropriate signal conditioning, the incom-
ing signal is first digitized in an Analog-to-Digital converter
(ADC), and all remaining processing happens in the digital
domain, typically implemented in a Field-Programmable Gate
Array (FPGA) for the tracking part, see Figure 2.

The NCO consists of a Phase Increment Register (PIR) that
represents the instantaneous signal frequency, a Phase Accu-
mulator (PA) which holds the integral of the frequency, i.e. the
instantaneous phase, and a Look-Up-Table (LUT) that con-
verts the phase into a sine wave and optionally also a co-
sine wave. The ADC and all digital blocks are driven syn-
chronously from a common clock, which sets the reference
for any single phase measurement.

In order to make the NCO sine signal track the incoming
signal, both are mixed in a multiplier that acts as phase de-
tector, and the phase deviation thus measured is used as error
signal in a servo loop. When the loop is closed and locked,
both the incoming and the NCO sine signal have the same fre-
quency, and their phase is shifted by 90°, such that their prod-
uct, the error signal, has zero average. Incoming and NCO
sine signal are said to be “in Quadrature” (denoted by ‘Q’). An
optional second branch multiplies the incoming signal with a
digital cosine signal, which is then “In Phase” (‘") and which
can be used to measure the amplitude of the incoming signal.
Lowpass filters after the mixers suppress the second harmonic
of the signal frequency (‘2f’), a by-product of the multiplica-
tion, in order to prevent it from circulating around the loop in
an undesired non-linear process. The primary achievement of
such a DPLL is that frequency and phase now exist in digi-
tal form in the PIR and PA registers, respectively, within the
NCO from where they can be directly read out.

More specifically, the PIR holds the instantaneous sig-
nal frequency w in units of cycles per clock period, with
0 <w<0.5. It slowly varies as the input signal frequency
changes. It is integrated in the PA which always has a frac-
tional part ¢, with 0 < ¢ < 1cycles, which is used by the
LUTs. It follows a rapid sawtooth function. In most cases, the
integer number of cycles (wavelengths) must also be tracked.
This can be achieved by including extra bits in the PA that rep-
resent the integer number of cycles. We denote that extended
PA by @, with

¢ =0mod 1 (D)

simply being the fractional part of @. The total phase ® is
an ever increasing ramp. Instead of using extra bits in the
PA, the total phase can in principle also be reconstructed by
integrating w externally.

Among the many performance parameters of a DPLL, most
important here is the ability to continuously track the input
signal without cycle slips, i.e. integer errors in @ caused by
excess noise in the input signal. That robustness can be op-
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FIG. 2. Functional blocks of a Digital Phase-Locked Loop (DPLL).
The input signal from the ADC is separately mixed with a sine and
a cosine delivered by the numerically controlled oscillator (NCO),
yielding the ‘in Quadrature’ Q and an ‘in Phase’ I signals. The sec-
ond harmonic of the beatnote frequency 2 f is suppressed by low-pass
filtering these signals. The Q signal is then used as error signal for
the servo. The output of the PI controller gives the instantaneous sig-
nal frequency, and is stored in the Phase Increment Register (PIR).
This is then integrated and stored in the Phase Accumulator (PA),
which is fed to the sine and cosine look up tables (LUT) that close
the loop.

timized by carefully adapting the servo gain to the signal dy-
namics and enhancing the signal-to-noise ratio (SNR) of the
input signal [11, 17, 23].

III. DIFFERENTIAL WAVEFRONT SENSING WITH DPLL
PHASEMETERS

If a QPD is used in order to implement DWS, the standard
procedure is to connect four independent DPLLs to the four
segments A, B, C and D of the QPD. We call their error sig-
nals E4...Ep, their PA register contents @4 ... ®p, and the
fractional parts of the latter ¢, ...¢p. They are combined to
form the output signals:
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where x represents the length signal in units of the
laser wavelength, and «@, B, reduced to the range
—0.5cycles < @, B < +0.5 cycles, represent the horizontal and
vertical tilt angles between the wavefronts, scaled by a huge
factor that depends on the beam geometry [24]. One more in-
dependent linear combination of the segment phases can be
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FIG. 3. Conventional readout scheme for a quadrant photodiode.

Each DPLL processes 1/4 of the total signal power which neverthe-
less has the full dynamics and noise of the length signal.

formed, which we call the ellipticity. It is rarely used but we
include it here in anticipation of the next steps:
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The realization of this scheme is illustrated in Figure 3.
Combining the signals according to Equations (2)...(4) is
not the only possibility [25]. In the LISA Pathfinder mis-
sion [1, 4, 18], for example, x was computed as the argument
of a complex vector formed by adding the complex ampli-
tudes from the four segments. This differs from Equation (2)
in that the segment contributions are weighted with their re-
spective beatnote amplitude. It is still a subject of investiga-
tion which of these methods is preferable with respect to, e.g.,
tilt-to-length cross-coupling. If the segment amplitudes are,
however, also measured with the ‘I’ branch of the DPLL and
recorded, the results can be converted into each other in post-
processing.

This standard scheme has been successfully used in many
applications, notably for the continuous active beam pointing
over 200 km separation of the inter-satellite interferometer in
the LRI on GRACE Follow-On [16]. There, and in other ap-
plications such as LISA, it is, however, not an optimal method:

e The beam divergence over the long distance together
with the finite aperture of the receiving telescope results
in a received beam with extremely low power (in the
order of 100 pW to a few nW), and consequently in
poor Signal-to-Noise ratio in the heterodyne beatnote
to be tracked, which limits the achievable robustness of
the tracking loops, each of which uses only 1/4 of the
total signal power.

e The length signal x has a much higher dynamic range
than the angular signals. The former contains the
Doppler shift due to the relative spacecraft motion (typ-
ically moving at speeds of around some meters per sec-
ond, corresponding to some MHz Doppler shifts for a
wavelength of about 1 um), as well as common-mode
noise sources such as laser frequency noise, which
largely cancel in the other three angular signals a, 8
and &.

o Nevertheless each of the four standard tracking loops
contains the full length signal which sets stringent re-
quirements on their loop bandwidths. The resulting
open-loop gains are in general not optimal for the much
quieter angular signals. The same holds for the 2f fil-
ters.

e The integer number of cycles, which physically exists
only once for each pair of interfering beams, is repre-
sented four times in @4 ... ®p. They should represent
the same number of integer cycles and differ only by
the small quantities «, 8 and €. If, however, a cycle slip
occurs in only some of the four segments, the length
signal x computed by Equation (2) is easily messed up,
and therefore the measurement degraded.

IV. ALTERNATIVE ARCHITECTURE FOR TRACKING
LENGTH AND DWS SIGNALS WITH DPLL
PHASEMETERS

In order to overcome the above limitations, we propose here
an alternative loop topology, where the four servo loops do not
act on the four segments, but on x, a, 8 and ¢ instead. Error
signals for these loops can be obtained from Equations similar
to (2) to (5):

_EA+EB+Ec+ED

x , 6

. ©)
Er,-Ep+Ec—-FE

E, = A 32 < D’ @)
Es+Ep—Ec-E

Ey = A 32 c=Ep )
Er—Ep—Ec+E

E(g: A Bz C D. (9)

The final registers of the four loops track x, a, 8 and &, which
directly represent the desired final output of the phasemeter.
The segment phases, which are still needed for the multiplica-
tive phase detectors, can be easily obtained by inverting Equa-



tions (2) to (5):

<pA—x+a+§+8, (10)
¢B=x+%ﬁ_s, (11)
‘PC—X+#, (12)
¢D—x+_a_Tﬁ+g, (13)

where only the fractional part of x needs to be used and the
results are reduced to the range 0. .. 1 cycles. The realization
of this scheme is illustrated in Figure 4.

Only E| carries the burden of the large dynamic range of the
length signal, e.g., due to the Doppler effect in the orbital mo-
tion. It uses the combined signal from all four segments, each
of which has been coherently demodulated with individually
optimized phases. For noise sources that are uncorrelated
among QPD segments, such as shot noise or electronic noise,
this yields a 6 dB improvement in the SNR, which makes the
loop more robust against cycle slips. Now there is only one
full NCO in the system, which produces the phase ramp @
and its sawtooth-like fractional part ¢, and in particular only
one register ® that keeps track of the integer number of cy-
cles, which better maps the physical reality than having four
registers @4 ... Dp.

The signals in E,, Eg and E,, on the other hand, have
a much smaller dynamic range, since both the length sig-
nal as well as many correlated noise contributions, such as
laser frequency noise or residual intensity noise, largely can-
cel out. Moreover, angular degrees of freedom typically
change much slower than, e.g., spacecraft separation in ap-
plications such as the LISA mission or the GRACE Follow-
On mission. The outputs of their servo loops are slowly
varying numbers with a range that can be limited to e.g.
—0.5cycles < @, 8, & < +0.5 cycles. If physical constraints ex-
ist, e.g. from the optical layout, that further limit their actually
achievable range, such constraints can easily be implemented
by restricting the range of values that the respective registers
are allowed to assume, further increasing the robustness. In
particular the ellipticity & will be almost constant in many
cases, since it mainly depends on geometrical imperfections
of the laser beams.

Each loop can now be individually optimized for the dy-
namical behaviour and noise characteristics of the correspond-
ing signal. This concerns not only the servo loop bandwidths,
but also the 2 f filters, which can now be made more efficient
for the «, 8 and & loops.

Going one step further, one could even think of using an
optimized Kalman-type estimator for a, 8 and € instead of a
simple PI controller. The angles @ and S typically represent
pitch and yaw of either the spacecraft or a testmass, and their
dynamics consists of noise and commanded actuator signals.
The latter are known and could even be used in a feedforward
path to further reduce the burden on these filters.

At first glance it may seem that this optical readout system
could produce fundamentally different outputs, since the mix-
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FIG. 4. Proposed DPLL readout scheme for a quadrant photodiode.
The error signals from the four QPD segments Ej4 ... Ep are used to
compute DWS error signals E, ... E.. These are then fed to four ded-
icated DPLLs. The four outputs x... &, now corresponding to phys-
ically meaningful observables, are then reverted back into the phase
signals ¢4 . . . ¢p and used for closing the loop. Only one DPLL deals
with the length signal, while the the other three loops handle signals
of much smaller dynamic range (encircled). Each servo can hence be
individually tuned to the particular dynamical behavior of the signal
being tracked.

ing matrix that implements Equations (6). .. (9) acts on the er-
ror signals, which are weighted with the signal amplitudes in
the individual segments A...D, whereas Equations (2)...(5)
act on the phases which have been stripped of the amplitude
information. Further analysis shows, however, that this is not
the case and that the proposed system produces the same out-
puts as the conventional one, at least if the servo loops have
enough gain and integrator stages to keep all error signals
close to zero. In that case, Equations (6)...(9) imply that the
segment error signals E, ... Ep are zero as well, which leads
to the same outputs as in the conventional architecture.

The proposed architecture has been verified to produce
the same outputs as the conventional scheme by means of
computer simulations and electrical tests [26]. For example,
using a dynamical DPLL model implemented in MATLAB
Simulink we show that, in the absence of noise, and with
identical loop parameters, the conventional and the proposed
architectures are mathematically equivalent (Figure 5).

Initial tests of the proposed architecture using optical sig-
nals have been performed in a simple Mach-Zehnder Interfer-
ometer. The light sources were two Nd:YAG NPRO lasers
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FIG. 5. Simulation of the conventional (single-segment tracking) and
the proposed (combined-signal tracking) differential wavefront sens-
ing architectures with DPLL readout, showing the successful track-
ing of two segments of a quadrant photodiode. Given the same input
with no noise, and identical loop parameters, the two architectures
produce the same output.

phase-locked to each other with 9 MHz offset with sepa-
rate electronics. The signals were recorded with an InGaAs
QPD of 1 mm diameter and were converted to voltages with
op-amp based transimpedance amplifiers with 20 MHz band-
width. The phasemeter operated at 80 MHz clock frequency
and used the hardware which is described in [17, Ch. 9]. Other
than implementing the mixing matrices shown in Figure 4,
the loop parameters were not changed between the conven-
tional and the proposed schemes. The initial measurements
confirmed that the scheme works functionally and is able to
determine correct length and DWS signals. The length loop
in the proposed scheme can indeed handle signals of roughly
half the amplitude (-6 dB) compared to the standard scheme,
both in acquiring the signal and in tracking without cycle slip-
ping, when the artificially increased noise floor remains un-
changed, or with the same signal amplitude and 6 dB more
noise. Further experiments are being prepared using a LISA-
representative testbed [27].

V. NOISE INVESTIGATIONS

We analyze the proposed technique in the context of a
heterodyne interferometer in the presence of relative inten-
sity noise (RIN) from the laser sources, which is uncorre-
lated among the interfering laser beams, but correlated among
QPD segments; and photon shot noise, which is uncorre-
lated among QPD segments. This analysis can be easily
scaled to include any number of correlated and uncorrelated
noise sources. Let Pj denote the optical power impinging
in segment k € {A, B, C, D} of the photodiode located in port

J € {A, B} of the interferometer consisting of a pair of QPDs
mounted at the output ports of a beam combiner (BS), and let
E| and E, denote the on-axis complex amplitudes of the in-
terfering fields (Figure 6). Upon combination, the superposed
fields have complex amplitudes given by

Port A :
PortB :

Ep = pE| + TE, (14)
Ep = pE, + 1¢™E, = pE| — TE>, (15)

where p and 7 are the beamsplitter’s amplitude reflection and
transmission coefficients respectively. The photodiode signal
in the quadrant labeled by {j, k} = {port, segment} is given by
Cjr = cjiPjx, where cj is a constant determined by the analog
processing of the signal. The optical power P is calculated

as
Py = f f |E,[%dS i, (16)

where dS j is a surface element in segment k of the photodi-
ode in port j. For example, for a segment in port A we have

Pa =p* ff|E1|2dSAk+T2f |EI*dS ax
+pT(ffE1E§dSAk+ffE’l‘EzdSAk). 17)

Here we introduce the definition of the overlap integral as
I E1E3dsS

1

([N1E:1PdsS j [[1EaPdS )

where ;. is the heterodyne efliciency and ¢ ji = 27 freit =y jx is
the phase of the superposed optical fields, with fe the hetero-
dyne frequency (i.e., the beatnote frequency between E| and
E»), and i j; the interferometric phase. Recasting Equation 17
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FIG. 6. Diagram showing the interferometer being considered. E;
and E, interfere at a beamsplitter (BS), and a quadrant photodiode is
placed at each of the output ports.



in terms of 14 and ¢4 yields

PAk = i (p2P1 + T2P2 +pT\/m[€i¢Ak + €7i¢Ak])
1
= Z (p2P1 + T2P2 + ZpT \/T]AkP]PQ COoS ¢Ak)’ (19)

where P and P, represent the instantaneous power in the in-
terfering beams, and we made the assumption that the beams
are well-centered in the detectors such that the power is
equally distributed over the four QPD segments. This is a rea-
sonable assumption for well aligned interferometers, as well
as for interferometers employing imaging systems to mini-
mize beam walk at the detectors. RIN is a multiplicative noise
source, and it can be modeled as

P1=P1+6P1=P1(1+I’1), (20)
P2=P2+6P2=p2(1+7'2), (21)
where P; and P, represent the average power in the interfering
fields, and RIN is defined as the power noise normalized to

the average power, r; = 6P;/P; with i = {1,2}. By making the
appropriate substitutions in Equation 19, we obtain

1 ,- 1,-
PAk = szpl(l +r1)+ ZT2P2(1 +r2)

1 —
+ EPT\/UAkPlPZ(l +r1)(1 + r2) cos gax,

Q

1 _ - _ _
7 (p2P1 + 72P2 +p2P1r1 + T2P2r2)

V& - -
: ) \ M4k P1 P2 cos pax (22)

where we have used V1 + r = 1+ r/2, and we have neglected
the small cross term riry. The term {(o?Py + T2P,) is the
DC coupling, and the term §(o*Piry + T2P,r,) is known as
1f-RIN and is additive noise. The beatnote signal is mixed
with 2f-RIN proportional to (r; + r;)/2. The 2f-RIN cou-
pling to the interferometric phase is independent of the beam
powers and the heterodyne efficiency, and it is maximum for
P, = P,, where the 2f-RIN coupling is 1/2 that of the
corresponding 1f-RIN coupling. Since the total RIN cou-
pling is the root sum square of the two contributions, neglect-
ing 2f-RIN induces only a small relative error of maximum
1 -1/+/1+(1/2)* = 10%, which becomes much less signif-
icant if the beams have different power (e.g., it is less than
3% for P;/P, = 10). To simplify our analysis, we disregard
this small term. The photodiode segment signals can then be
written as the combination of three terms,

+1 (1+r1+
—pT
2” 2

CijCjkijZDCjk+l’jk+bjk, (23)

where DCj; is the DC coupling of segment k in port j, rj
is the 1f-RIN coupling, and b is the beatnote signal. For

example, for port A,
1 _ _
DCy = 76k (Pzpl + Tsz), (24)

1 _ _
Tak = 7 Cak (P2P1V1 + T2P2r2), (25)

1 = -
bjk = EpTCjk T]jkplpz COS(f)jk. (26)

To characterize the resulting interferometric phase error, we
calculate the inverse carrier-to-noise density

— Noise ASD in C j

AC
lﬂjk J

27)

where ij denotes the amplitude spectral density (ASD) of
the interferometric phase, RMS{b} is the root mean square
(RMS) of the beatnote signal, and ACj is the ASD of the
noise in the photodiode segment signal,

ACj = G (28)
where §j; is the ASD of the shot noise coupling, and 7 is the
ASD of the 1f-RIN coupling. Shot noise of the photodetec-
tion is white noise affecting all frequencies, and typically it is

the limiting noise source at high frequency. The ASD of shot
noise is given for each detector segment as

Sjk = 1/29eDC i, (29)

where ¢, is the electron charge. Shot noise adds quadratically
with 1f-RIN to the total phase noise. The 1f-RIN coupling
ASD for a segment in port A is given by

. 1 5 - 5 -
YAk = ZCAk (p2P1r1 + T2P27‘2) . (30)

The addition in Equation 30 is performed linearly if the RIN
in E; and E; is correlated, and quadratically otherwise. The
RMS value of the signal is

RMS {bjk} = %pTCjk ﬂ277jkp1pz, (31)

where we have used the definition of the RMS value of a func-
tion of period T,

1 T
RMS {f(1)} = \/7 fo [F(®) dt. (32)

The phase noise for a segment in port A considering 1 f-RIN
coupling only is given by

pzf_’l?l + TZPZ;Q

pT \/ZT]Akplpz

Yar = (33)



The phase noise due to shot noise only is given by

2 J q. (0*P1 + 72P,)

Uar = — —
pT caklacP1 P>

(34)

Each QPD segment “sees” 1/4 of the signal, and 1/4 of the
1f-RIN, and hence has the same phase error associated with
1 f-RIN coupling as a single element photodiode (SEPD) with
four times the surface area. However, each segment sees up to
1/2 of the shot noise as the SEPD, resulting in up to twice the
phase error associated with shot noise, or with any source of
noise that is uncorrelated among segments, as the SEPD. The
total phase noise in port A of the interferometer is given by

[@ =
Sak T Tak
10TCAR 204k P1 Py

where we have assumed that the RIN noise in E| and E, is
uncorrelated, so that 7, and 7 add quadratically. In the con-
ventional DWS architecture, the PLL acts on the signals C
of the individual QPD segments, and thus the performance is
limited by the phase noise given in Equation 35. In the pro-

Yar = (35)

1

D =5 D 2
7+ PP
RMS {Z bAk} =P L2 [ Z CAk, CAk, VnAklrlAsz
k=A

2 \/5 ki,koy=A

where ki, k; € {A, B, C, D}. Equations 37 and 38 can be sub-
stituted into Equation 27 to obtain the total noise of the com-
bined signal of the four QPD segments. The resulting expres-
sion is quite long. By assuming identical analog signal pro-
cessing cak, = Cak, = ca, and segment heterodyne efficiencies
Tak, = Nk, = 14, We obtain the much simpler expression

: _ pT\/I_)ll_)z

~ 1
E R — —
A(A+B+C+D) ot \/ ZCAUAPIPZ

(39)
The combined signal has the same level of 1f-RIN coupling
as in the single-segment case (Equation 33), but lower shot
noise coupling. Shot noise in Equation 39 is 1/2 that of the
single-segment case (Equation 34).

Equation 35 (i.e., the phase noise in single-segment track-
ing) and Equation 39 can be compared to assess the improve-
ment of the proposed technique:

Exmspicen) N B 12g, (P 1+ P 2)
WAA 16qe(p| +P2)+CA(P%7'%+]_)§I~‘§)
(40)
It can now be readily seen that the proposed technique pro-
vides a maximum improvement of 6 dB over the traditional

2G.(p* Py + T2P)) + ca(p* P3P + T4 P,73)

posed DWS architecture, the Cj signals are first combined
linearly, and the PLL acts on the linear combinations. The
shot noise is uncorrelated among segments and adds quadrat-
ically, whereas 1 f-RIN is correlated and adds linearly.

For example, for tracking the length signal, we combine the
four QPD quadrants in port A as

D D D D
Ca@+B+C+D) = Z Cax = Z DCy + Z Tak + Z bak. (36)
=4 =4 =a =4

We omit the factor 1/4 in the signal combination (see Equa-
tion 6), since it affects equally the noise ASD and the beat-
note signal RMS of the combined signal, and therefore has
no impact on the SNR of the tracked signal. Note that in this
case the PLL does not track the phase of the beatnote signal
Ej = pE| + TE;, but instead tracks the phase of the beatnote
signal that results from adding the four QPD segments A, B,
C, and D. The noise ASD of the combined signal is given by

b b 03
ACp@+BiciD) = {Z §a + Z 7’Ak] ] , 37
A A

and the RMS value of the signal is given by

1
2

D =
W (Z Cf\kUAk +2 Z CAk, CAky m] ) (38)

k=A A<k <k, <D

(

scheme,

E, 3
20-104%]@20-105;(#1 - Z] ~—6dB. (41)
AA

When tracking the interferometric phase signal from a single
segment of a QPD, the PLL “sees” 1/4 of the signal RMS,
and 1/4 of the 1f-RIN, but up to 1/2 of the shot noise, as a
SEPD. This results in up to twice the shot noise induced phase
error as when tracking the phase signal of the SEPD. To take
full advantage of the QPD, in the proposed architecture the
PLL is applied not to the individual QPD segments, but to the
linear combinations of these signals (Equations 6-9). In this
way, the tracked signals will have the same level of correlated
noise coupling such as 1f-RIN as in single-segment tracking,
but up to 2 times less uncorrelated noise coupling, such as
shot noise, resulting in an overall similar noise performance
as when tracking the signal from a SEPD of the same size as
the QPD. This is in addition to other advantages such as being
able to adjust the loop gains and filter parameters individually
for length and angular signals.

In the LISA long-arm interferometer, one field is much
stronger than the other. In this case we may simplify further
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FIG. 7. Improvement of the proposed scheme over single-segment
tracking as a function of the RIN level in the strong field, for an
interferometer resembling the LISA long-arm interferometer.

(i.e., Py > Py, P3F5 > PiF),

EA(A+B+C+D) N \/1 B 12q.P> 42)

m 164.P; + c,P373

Figure 7 shows the improvement as a function of the RIN level
in the strong field in an interferometer with parameters akin to
the LISA long-arm interferometer.

A major advantage of the increased SNR in the proposed
architecture is the enhanced robustness against alignment er-
rors of the interferometer. This is an issue of great concern in
the development of long-baseline space-based observatories,
such as LISA, where the unavoidable angular motion of the
spacecraft translates into alignment jitter in the interferome-
ter, and therefore in a degradation of heterodyne efficiency
and a cross-coupling in the longitudinal pathlength measure-
ments known as tilt-to-length (TTL) coupling. Imaging sys-
tems can be used to reduce TTL-coupling in the interferome-
ter to a great extent [27, 28]. The imaging systems suppress
beam walk in the detector plane, thus leading to the reduction
in TTL-coupling, but in turn they magnify the beam tilt an-
gle. The angular magnification provided by the imaging sys-
tems, in conjunction with the one provided by the receiving
telescope, means that the phasemeter should be able to track
signals with relatively poor heterodyne efficiency.

To quantify the improvement of the proposed technique un-
der alignment errors of the interferometer, we develop a com-
puter model of the interferometer using Ifocad. Ifocad is a col-
lection of C++ libraries that provides proven methods for sim-
ulating two-beam laser interferometers [24, 29]. We simulate
the interference between a Gaussian reference beam with typ-
ical parameters (LO beam), and a Gaussian beam with a very
large waist located at the position of a QPD such that, at this
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FIG. 8. Inverted carrier-to-noise density of the signals being tracked
by the PLL in the conventional (single-segment tracking) and the
proposed (combined-signal tracking) architectures, resulting from a
Monte-Carlo simulation of a misaligned interferometer where the
beam tilt angle, as sensed by the detector, is sampled from a uniform
distribution with amplitude 6, and the beam tilt direction is sampled
from a uniform distribution spanning the entire plane transverse to
the optical axis. The beam tilts with respect to the center of the de-
tector as if it were being imaged to that point by an imaging system.
In single-segment tracking, all four QPD segments are taken into
consideration in the statistical analysis. The solid lines represent the
maxima and minima of the resulting inverted C/N density distribu-
tions. The dark-shade regions delimited by dashed lines represent
one standard deviation from the mean.

TABLE I. Simulation parameters. The model assumes identical ana-
log processing of the QPD segments.

Property Value
P, 519pW
13 2 3mW
i 10-%/VHz
7y 10-%/VHz
pP=T 1/V2
QPD active area diameter 1 mm
QPD slit width 20 um
Reference beam waist radius 0.5 mm
Measurement beam waist radius 10 mm

position, it resembles the flat-top beam received by a LISA
spacecraft (Rx beam). This particular simulation method has
been verified experimentally in a testbed featuring flat-top
beam on Gaussian beam interference [27].

We perform a Monte-Carlo analysis in which the program
computes the heterodyne efficiencies for each of the four seg-
ments of the QPD, as the Rx beam is rotated with respect
to the center of the detector, so as to mimic the effect of an



imaging system that has been aligned perfectly and is there-
fore suppressing the Rx beam walk in the detector plane. The
beam tilt angle is sampled from a uniform distribution with
increasing amplitude, and the tilt direction is sampled from
a uniform distribution spanning the entire plane transverse to
the optical axis. The program then uses the computed het-
erodyne efficiencies to calculate the estimated signal error in
the conventional (single-segment tracking, Equation 35) and
the proposed (combined-signal tracking, Equations 38 and 37)
architectures. The simulation parameters are gathered in Ta-
ble I.

As expected, the proposed technique offers improved SNR
throughout the tilt range (Figure 8). It is therefore able to
handle worse absolute beam misalignments and higher resid-
ual beam pointing jitter. This improvement is crucial for a
enhanced tolerance of spacecraft attitude control instabilities
prior to acquiring a stable phase locking of a slave laser to
a weak received beam, as required for the establishment of
an inter-spacecraft laser link in a laser transponder configura-
tion. This improved SNR is then specially relevant through-
out the initial beatnote acquisition states and re-acquisition
sequences [30, 31], providing more robust control loops for
sensing the optical link dynamics.

It is important to note that the noise improvement is
achieved in the signals being tracked by each separate PLL
instance, and not on the length and angular signals. In the con-
ventional scheme, the individual QPD segment signals tracked
by four PLLs are combined in the next stage to yield length
and angular signals with the same level of noise as in the pro-
posed scheme. The advantage of the proposed architecture
lies in the enhancement of the tracking loops: the PLLs track
signals with greater SNR, which results in more robust locks
with lower probability of cycle slipping, and the added benefit
of being able to tune each PLL instance to optimally track its
corresponding length or angular signal channel.

VI. CONCLUSION

We have proposed a scheme to process the heterodyne beat-
notes from the four segments of a quadrant photodiode in het-

erodyne interferometers that use DPLL-based phasemeters. It
acts on the length signal x and angular signals «, § and ¢,
which directly correspond to physically meaningful parame-
ters. The proposed scheme has advantages in terms of robust-
ness against cycle slips. It allows to individually optimize the
loop gains and filter parameters for length and angular signals,
which may also lead to lower noise in these outputs. A noise
analysis of the proposed architecture has been carried out in
the context of a heterodyne interferometer in the presence
of shot noise and relative intensity noise. Then, a computer
model was used to analyze the degradation of the tracked sig-
nals in a misaligned interferometer. The proposed technique
has been compared against the conventional one to demon-
strate a maximum improvement of 6 dB. We expect that this
scheme may be an attractive alternative for applications like
LISA or future GRACE Follow-On-like geodesy missions. It
can also find applications across multiple disciplines where
high precision length and angular measurements are desired,
notably in inertial sensing of test masses, with applications in
fields such as vibration isolation [32], and tests of fundamen-
tal physics [33-35].
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