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Analysis of System Imperfections in a
Photonics-Assisted Instantaneous Frequency
Measurement Receiver Based on a Dual-Sideband

Suppressed-Carrier Modulation

Javier S. Fandifio and P. Mufic@nior Member, |EEE, Member, OSA

Abstract—Instantaneous frequency measurement receivers are surveillance radars and radar guided weapons), and ceunter
a well-established technology that is used for the ultrafds measures can be either manually or automatically taken, if
characterization of pulsed microwave signals over a broad &nd- needed

width. Recently, numerous photonic approaches to instantaeous . . .
frequency measurement (IFM) have been proposed and experi- Due to the wide range of existent radar equipment, RWR

mentally demonstrated, with the ultimate aim of leveragingthe ~Must be able to perform pulse measurements over a very
benefits of optical technology to improve the performance ofil- broad bandwidth (typically tens of GHz) while still offegra
ready existent electronic solutions. Despite the numerougsults, quasi-instantaneous response. These stringent requiteare

not so much attention has been paid so far to understand the typically met by means of dedicated instantaneous frequenc

subtle implications that system imperfections can have onaalistic X
photonics-based IFM receivers. Here, we focus our attentioin measurement (IFM) subsystems [3], [4]. Thanks to their spe-

one of the most promising among these IFM techniques, whictsi  Cial architecture, which usually combines a sophisticated
based in optical power monitoring of a dual-sideband suppresed- of high-speed digital and analog electronics, IFM receiver
carrier modulation after a Mach-Zehnder interferometer (M ZI)  can be used to estimate a wide range of RF pulse parame-
filter. We develop a time domain model for the rigorous analys a5 \ith sub-microsecond response times, including: @ent
of all major optical and electrical effects, including ampitude f | idth (PW | litude (PA
imbalance and phase errors in the modulator and the MZI, as requency fRF)j _pu SE W ( ), pulse amplitu _e (PA)
well as on-pulse RF phase/frequency modulation. Simulatics are @nd pulse repetition frequency (PRF). Furthermore, sifté |
then used to illustrate the substantial effect that a non-pdectly  systems directly measure the instantaneous frequencyeof th

suppressed optical carrier can have on system performancdélore  RF signal, on-pulse phase/frequency modulation can also be
importantly, it is shown that in a non-ideal situation the system detected

amplitude comparison function critically depends with input RF . . . . .
power, thus greatly limiting the dynamic range of the photorics- While electronic solutions are well established in the EW

based receiver. Some approaches to solve these issues amso al 2nd signals intelligence (SIGINT) markets, the past fewyea
discussed. have seen a remarkable increase in the proposal and develop-

Index Terms—Frequency measurement, Integrated optoelec- ment of phot.onic app_roaches to IFM [5]_[20]_' Similarly teth
tronics, Microwave measurements, Optical planar waveguids, well-known field of microwave phOtOﬂICS, which seeks to take
Optical waveguide filters. advantage of the unparalleled benefits that optical teciyyol
can bring to microwave applications, all these techniques a
l. INTRODUCTION aimed at improving the performance of _current electronics-

. ) . .based IFM products. In fact, the exploding telecom growth
D ETECTING and characterizing electromagnetic activity s imparted significant momentum in the development of
in nearly real-time is of critical importance for manyyigerent photonic integration platforms, which have abig
modemn eleptronlc V\_/arfare (EW) §ystems [:,L]' [2,]', For e’,(&mplreached considerable levels of maturity in terms of fumzle
radqr warning receivers (RWR) installed n m|I|tary_a!rfma ity and performance of their basic building blocks [21]23
contmqouslymt_ercept and process radar signals d“f‘“%@"i By exploiting the benefits of these technologies, integhate
operations. Trains of detected RF pulses are usually €ikxgsi light-based systems hold the promise for potentially low

according to their physical char_at_:teristics, an(_j theseiremne cost, compact footprint and high-bandwidth IFM equipment.
used to estimate the type and origin of the received waveorm ,nq 4| the reported photonic approaches to IFM, those
By doing so, potential threats can be identified (such asleosbased on detection and processing of optical powers stand ou

This work was supported by projects TEC2010-21337 (ATOI\/IIC)fElS the mOSt_ promising for a near and short term practical
FEDER UPVOV10-3E-492, FEDER UPVOV08-3E-008, TEC201332® implementation [6], [8], [9], [11], [12], [14], [15], [19],

supported by grant FPU-2010 (ref: AP2010-1595). - . . . . -
The authors are with the Optical and Quantum Communicatersup and circuits (such as detection logarithmic video ampjier

(OQCG), ITEAM Research Institute, Universitat Politcide Valencia, and only require the use of high sensitivity (i.e, low dark

Valencia, Spain (email: jasanfan@iteam.upv.es). _ current) photodiodes and high dynamic range transimpedanc
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Furthermore, the simplicity of this filter naturally lendself

to be described by closed-form formulas, helping to better
ACF ascertain its intrinsic limitations, as well as to perforatiora-
Nt Pp1 |\ tion corrections after appropriate measurements. Ourysisal
= PD2 allows to compute the impact of amplitude imbalance and
fre T phase errors in both the Mach-Zehnder modulator (MZM) and
the MZI, as well as the effect of temporal phase/frequency
modulation in an incoming RF pulse, among other impair-
ments (such as insertion losses and non-zero dark currents)
Fig. 1. Schematic diagram of the photonic IFM system undealysis. 1hUS, it can serve as a powerful analysis and design tool for
TL: Tunable laser. MZM: Mach-Zehnder Modulator. MZI: MaZehnder the development of IFM systems based on this particulartech
Interferometer. BC: Bias Controller. PD: PhotodetectoCFA Amplitude nique, as well as for better understanding experimenta. dat
Comparison Function. Moreover, the results of our analysis show that great attient

must be paid to the dependence of system performance with
input RF power, since it can be significantly degraded when

principle experimental demonstrations, with little inpdle  considering realistic parameter values on the photoniesys
discussions on the subtleties and trade-offs associatedmi  Thjs is an important consideration that must be addressed
perfect system operation. Besides, just continuous waW¥)(C \ith care when comparing photonics-based IFM systems with
frequency domain analyses under highly ideal conditioRgejr electronic counterparts, which typically boast tarnsling
have been provided in order to exemplify the main workingynamic range specifications.
principle behind each technique, as well as to provide aThjs work is organized as follows: First, a short descriptio
theoretical basis for the experimental data. This appré@sh of the operation principle behind the analyzed IFM techaiqu
two important shortcomings. First, frequency domain asedy s presented, followed by the main assumptions and formulas
are only able to compute the response of an IFM system undgkne time domain analysis. Second, some temporal traige-of
CW operation. This means that they can not capture tempojigt follow from these equations are discussed. Third, mume
trade-offs, which are of great importance in practical &yt jca| simulations are performed to evaluate the relativeactp
where very short (and possibly chirped) RF pulses need to f€each considered parameter on system performance. Fourth
measured. Second, idealistic theoretical analyses otigledt (egjistic values extracted from state-of-the-art compomare
key effects that can impose severe performance constraigigployed to illustrate the significant effect of input RF gow
For example, in one of our previous works we pointed oy} the frequency bias error. Finally, possible techniques f

to the fact that the presence of a residual optical carrier jRitigating this effect are proposed along with a summary of
the modulator output can induce a significant bias error @Re main results and conclusions.

the estimated central frequency of the received signal, and

that this error is in fact dependent on input RF power [24].
. . . . : ; Il. IFM THEORY

Since residual optical carrier power arises from amplitude . o

imbalance and phase errors in the modulator, it is obvioas thA. Operation principle

that their impact on system performance needs to be carefull Before going into a detailed theoretical description, it is
considered. A notable exception is a recent work by Harm@strative to first review the basic idea behind this parar
et al. [25], where a model for analog photonic links that cgshotonic approach to IFM. For that purpose, it is best tonteso
be applied to some IFM approaches is presented. This mogieh simplified frequency domain model, which gives a quick
accounts for some realistic effects like amplitude imbeéanand visual interpretation of the underlying mechanism. The
in the Mach-Zehnder interferometer (MZI) as well as biagaders are nevertheless referred to the original work hy Zo
phase errors in the modulator and the MZI. However, othghd coworkers for a more detailed explanation [12].
important parameters (such as modulator amplitude imbalan p system diagram of the technique can be seen in Fig. 1.
and photodiodes dark currents) are not included, and only GWcan be briefly described as follows. First, a CW laser
operation is considered. source is introduced into a push-pull MZM, whose bias has
Here, and to the best of our knowledge, the first timdseen previously set at the minimum transmission point. The
domain-based theoretical analysis of an already reportédM is being fed by a continuous RF tone of unknown
IFM technique based on a double-sideband suppressfdquency (rr) and amplitude Azr). Under ideal circum-
carrier (DSB-SC) optical modulation and a MZI filter isstances (no amplitude imbalance and bias phase error), the
presented [12]. We focused on this particular architectukZM bias forces the optical carrier to perfectly interfere
because, contrary to similar techniques based on more cadestructively with itself at the output of the interferomet
plex filter structures [24], an MZI only requires a singleself-cancelling out. If the input RF power is low, then mginl
bias electrode, which eliminates the need of complex conttbe first order sidebands are present in the signal power
electronics for the continuous adjustment of the filter ¢fan spectrum, creating what is commonly known as a DSB-SC
function. This makes this architecture particularly siter its optical modulation. Finally, the signal is introduced ird0
implementation as an application specific photonic integta MZI whose maximum/minimum transmission point (upper and
circuit (ASPIC) with current state-of-the-art technolof@g]. lower branch, respectively) has been set to match the laser

Push-pull
MZM

Data
Processing

Down Ay
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where Agr is the amplitude,p(t) is a normalized pulse
Series push-pull “ ’\ shape (that isp(t) < 1), frr is the central frequency of
MZM :X the RF signal andyrr(t) accounts for a possible on-pulse
2 phase/frequency modulation (such as those of chirpedsadar
""""" Residual This unknown waveform, of which we wish
carrier to estimate its instantaneous frequency (defined
| asf(t) = frr + (1/2m)0¢rr(t)/0t), is then employed
A|A to modulate a CW laser. From now on, optical signals will
Single-drive be described by low-pass, analytic (i.e. complex-valued)
MZM Ao functions of time. These will be written with an upper tilde,

in order to distinguish them from the real-valued signals
Fig. 2. Difference between single-drive and series pushqperation in associated with input RF pulses and detected photocurrents
a MZM. Note that in the former case the carrier amplitude iohearm is  Ag gn example, a CW laser can be simply described
different, while in the latter it remains balanced since ninedulation process = _ o (t) h is th
affects both arms equally. as E,(t) = +/Pee , Where P, is the output power
and ¢,(t) models the laser phase noise. For the sake of

] simplicity, phase noise will not be consideref),(t) = 0).
central wavelength. Because of the complimentary nature ofit has been stated in the previous section that the purpose
the spectral response of the MZI outputs, the first-ordecapt of the MZM is to encode the microwave signal information
sidebands experience different levels of optical attéonatntg a3 DSB-SC modulation, from which its instantaneous
at each output. Finally, the powers are measured with @quency can be estimated after appropriate optical and
photodiodes (PD1 and PD2 in Fig. 1). Their ratio, also knowflectrical processing. As it will be shown later, the apilit
as Amplitude Comparison Function (ACF), is only dependegf the MzM to reduce the power of the optical carrier is
on the spectral shape of the filter (which either has beg,cial for obtaining a RF power independent estimation of
previously characterized or is known by design), and the Rfe instantaneous frequency. Due to its critical role, appate
modulation frequency. As a result, an estimatign) of the modelling of possible non-ideal effects is mandatory. lct,fa
unknown RF frequency can be found by just measuring Wyt only non-ideal parameters can affect the quality of the
DC photocurrents, calculating their ratio and then commuti psg.sc modulation, but also the topology of the MZM itself.

the mathematical operation below: As shown in the system diagram of Fig. 2, it is important for
~ FSR jE1 (ACF—1) 1 the modulation process to take place inside a push-pull MZM.
frr = o e 4 (ACF+ 1) () The main reason is that by differentially driving both arnfs o

the MZM (push-pull operation) one can ideally achieve petrfe
f’:\rrier suppression. On the contrary, if only one arm is modu
&Ijed, then the powers of the optical carriers travellingeanh

where FSR stands for the Free Spectral Range of the Mi&l,
the measured peak-to-notch optical power ratio of the M
transfer function (see [12]) and ACF stands for the measur . .
DC photocurrent ratio (PD1 divided by PD2). Notice that the ranc_:h are no longer d|ffe_rent (due _to energy cons_ervaaon_,
are two possible solutionsi{and —), depending on which c_ertam fraction of the carrier power in the modulating aem i
definition of ratio is chosen. If the ACF is defined as PD1/PD§|,'Verted to create the sidebands). Since they have no equal

then the positive solution must be computed, and vicevers&mpl'tUdeS’ the MO optlcal_ carriers can no longer perectl
As a final remark, note that due to the non-injective propéﬂterfere destructively, eveniif they are exactly out of ghand

ties of thearccos() function, only frequency values between 0 power imbalance exists in the modulator branches. Thus,

and FSR/2 can be recovered without ambiguity. Besides, t?igeren_tial_ly driving the M.ZM is of fund_amental importaac
MZI transfer function must be well known (FSR and in  '°F achlevmg perfect carrier suppression. For that_ PLEPOS
order to avoid frequency errors during the estimation mscee'ther a series push-pull architecture or a dual-drive MZM

These errors arise due the fact that different input freq;aenWith an external 180RF hybrid can be employed. The latter

estimations f};F) are obtained for different values of implies that external RF imperfections in the hybrid (power

and FSR even if the same photocurrent ratio is measurdgPalance and phase errors) must be additionally accounted
whereas the former avoids the use of external, expensiv

Thus, either these variations (caused due to manufactur"‘%@ o duci d simplifvi h Thi
tolerances) are kept low in order to set an upper limit on th circuits, reducing costs and simplifying the set-up.sThi

frequency error, or hardware-embedded calibration cuaves |mpligs that. series pu_sh-pull MZMs are the_ OP“ma' choice
employed to compensate for systematic errors, of courgesat {or this particular application. Fortunately, this is oriethe

expense of an increase in cost and computational complex st typical topologies found iq both LiNbO3 (x-cut) and
INP modulators, so off-the-shelf high-performance congms

are readily available [27]-[29].

We will subsequently assume that a series push-pull MZM is
being employed, which can be characterized by the following

rameters (see Fig. 3):

e ¢p: Modulator bias phase.

o B,(t): Arbitrary time-varying phase modulation index due
Vrr(t) = Arpp(t) cos 2n frrt + ¢rr (1)) () to the RF signal (this is(1/2)(7/VAY)Vrr(t)). Here,

B. Time domain analysis

We now start by assuming that at the input of our syste
there is an arbitrary, real, passband microwave signal ®f t
form
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Fig. 3. MZI and MZM parameters considered in the theoretaradlysis. In
the MZI case, the second coupler is assumed to be perfeattynsyric so
only 2 parameters are needed to model the imbalance.

VAC stands for the dynamic voltage requiri@done arm
of the MZM to induce ar phase shift on the travelling
optical wave, and thé /2 factor is due to the push-pull

operation. Also notice that ¢ normally depends on the
frequency of the modulating signal. It thus accounts fd
all those physical processes that can affect modulati8
efficiency, such as RF losses, as well as impedance and

velocity mismatch.

Up Down .
Karzy and myfz

couplers.

In practicex'?,,, and k2% can not be directly mea-
sured. Typically, only the optical transmission curve uers

Electric field attenuation factors
as seen by the laser field when it propagates trough
the upper/lower arms of the interferometer, respe
tively (see Fig. 3). These only account for losses an

imbalance, and thus exclude the phase shifts in the optic\%ﬁ

Thus, by just measuring both the ER and IL of the MZM,
apr andgyys can be computed through Egs. (8) and (9). Ideally,
ER=occandIL=1,s0ay = 1/2andfy = 0. Also
note that there are two possible valuessaf (either positive
or negative) that result in the same ER. This is due to the fact
that it is in general not possible to know which arm is causing
more attenuation than the other.

While the electric field attenuation factors are essentiall
constant with time, the modulator bias phase will slowlyftdri
as a result of changes in the operating conditions of thesyst
including temperature changes, ageing and static elattric
charge accumulation. As a consequence, the bias phase of the
modulator needs to be carefully monitored and adjustede Her
we assume that an automatic bias control circuit is keeping
the upper output at the minimum transmission point except
for a possible phase erropf; = 0 + ¢5,), as shown in
Fig. 3. This phase error arises from possible limitationthi
technique employed by the bias controller, which typicallg
p the order of+1° [30]. In that case, the electric field at the
Htput of the MZM can be finally expressed as

Enzum(t) = Eoft) [(aM + Bar)edPo®
(o — far)edn e300

o The non-ideal DSB-SC modulation is then introduced into

dn MZI. Making similar assumptions as in the previous case,

have that the MZI can be described by the following

parameters:

« 77: Time delay difference between the upper and lower
arms of the interferometer, which is related to the FSR of
the filter by FSR= 7;1. Itis assumed that the dispersion

(10)

DC voltage is available. This curve is indeed defined by the
maximum and minimum optical power transmission points
(Tha and T,in), as well as by the DC bias voltage pe-
riodicity. We can however relate the two electric field at-
tenuation factors to the measured MZM transmission curve

by noting thatT,,.. = (n][{fZM + kP2 and
Tonin = (K320 kD)2, In order to simplify the

notation, we will rewrite these factors as

KJI\J;)ZM =apy + BM (3)
KNAn = o — Bur (4)
wherea,, and 3y, are defined as
Up Down
K + K
oy = ~MZM 5 MZM (5)
Up Down
K — K
By = MZM 5 MZM (6)
Now, it is easy to see that
Trmaz = 4a?\4 Trin = 4ﬁ12w (7)

which are directly related to the optical extinction ratieR)
and insertion losses (IL) of the device, in linear units:

2
Trax oy
Q2

ILyr = Thnaz = 403,

ERy =

(8)
9)

of the interferometer delay line is first-order only, since
second-order effects (pulse broadening and distortian) ar
negligible given the low propagation distances of prattica
integrated devices.

kP, and kDowr: Real-valued constants that model the
electric field attenuation as seen by the laser when it
propagates through the branches of the MZI. As ex-
plained before, the related parameters and 5; can

be computed by first measuring ERnd IL;, and then
using Eqgs. (8) and (9). Please note that, if the output
coupler is not perfectly balanced, the MZI would need to
be modelled using 4 different electric field attenuation
constants. These would correspond to the 4 different
optical paths that the light follows within the device
before it recombines at the output ports. In that case,
both outputs of the MZI would need to be individually
characterized, yielding different insertion losses and ex
tinction ratios for each port. In most practical devices,
however, the imbalance of the MZI is mainly due to
the extra loss caused by the longer propagation distance
in the upper arm (which can be significant if the FSR
is small), and not due to the imbalance of the output
coupler. In fact, integrated MZIs typically use MMIs as
output couplers, which are well-known for their inher-
ent robustness to manufacturing deviations. If properly
designed, these devices show outstanding performance
(see for example [31]), and thus their contribution to
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””””” ox T hpory T Substituting Eq. (10) into both (11) and (12) yields
— e the electric fields at the input of the photodiodes.

* (@) l ) l \ Their time-averaged optical power is easily computed as
_; ‘—] P,(t) = |E®)* = E()E*(t), from which output

777777 o, photocurrents can be finally obtained through (13). Alterna
* (b) ! \ , \ tively, this last step can also be done by eliminating thoBe R
J beating terms which are not below the cut-off frequency of

the photodiode.
*(©)

C. Temporal trade-offs

“—1 Measurement window Now, and prior to developing on the exact formulas of the
o4 T | evolution of sianals. inide the IEM | RE detected photocurrents, it is instructive to have a lookairt
pll.ﬁ.se.' (b)eggg;aede‘g’lz“t&?sg :f'tgerr‘apfo'gj'g aﬁiénethrougsgstte{mg)imnzﬁ“;rm‘ general form. Due to the multiplication (or beating) among
(c) Resulting low-speed photocurrent term containing tifermation of the all possible combinations of the delayed and non-delayed
instantaneous frequency. modulated electric fields, these electrical signals areentdd
a linear combination of quasi-DC (low speed) and RF (high-

the overall imbalance can be considered of second orc%?.eed) terms. However, it is important to note that, out bf al

For simplicity, we will assume that this asymmetry in e(?tllng t(ejrms(,jonly tgolse f(()jrm_ed l?y a Tglnph]::atlont_beWVEe ¢
the output coupler is negligible, so both outputs can elayed and hon-delayed sighal contain information abou

characterized using just two parameters. Neverthele (::‘ instantaneous frequency that is to be measured. To see

these extra variables could be easily incorporated in IS, we can write down the general formula for one of these
. : beating terms as
the model if they were required.

« ¢r: Interferometer bias phase. It is also assumed to be  §/(t) & R{e/Pe(W)eIPe(t=T1)1 — (14)
continuously adjusted so that the wavelength of maximum _ %{ejz(t) cos (0(1)) ,—j=(t=71) cos (9@41))}
(minimum) transmission when coming out by the upper
(lower) output matches the emission wavelength of thghere by simple identification

laser. Thatisg; = m + ¢%, where¢® is a possible 2(t) = (1/2)(n/VA)p(t)Arr, 0(t) = 27 frrt + drr(t)
phase error due to an imperfect control of the bias poirgnd%{} stands for the real part of a complex number.
As a result, the electric field at the upper/lower output @ th After employing the well-known Jacobi-Anger expansion

MZI can be written down as (72 eos(O®) = 3770 T, (2(t))eim?")) and assuming
o . that the photodiode RC circuit perfectly filters all higrder
Enfyr(t) = [(ar + B1)Evzm (t — 1) RF terms, this equation can be reformulated as
i e = BBz O] QD () o, (2(0) (et~ )+ (15)

EN%(t) = (=5)[(ar + Br)Epzm (t — 1) Foo
—(a; — ﬁI)E]MZ]M (t)ejd)?} (12) +2 Z Jn(z(t))Jn(z(t - TI)) coS (n(e(t) - e(t - TI))
n=+1

Finally, both optical signals are detected in a couple ofE ; ; ; ;
. s . guation (15) has some important consequences. First, it
low-speed, high sensitivity photodiodes (PD1 and PD2). T'fglls us that the amplitude of the detected quasi-DC pho-

photodetection process will be described as a current 80Ufg., et js dependent on the first-order difference betwee
whose output linearly depends with the input, instantasgoy : :

time-averaped o tica); oSvng(t) 1 tET/z |E(t)|2dt)e ll‘lme—delayfed copies of the RF mstantane_om_Js ph%‘é}{p“t—f—-
ume-averaged optical POWEI&(t) = 7 J,_q/ [BI00) g5 (4)). Given that both andz(t) are sufficiently small, this
impinging upon the pin junction. This averaging time igifference provides a good estimai{)) to the instantaneous
assumed to be much higher than the period of the optiGalgyency of the RF signalf(t)) that we want to measure.
signal, but lower than the temporal variations of the RF epulsrhis is

amplitude p(t)), so that ) 10(t) -0t —1r)

to t) = e = (16)
i) :’R/ B(s)Ph(t — s)ds + Ioar  (13) T T
Ceo “ _ +L¢RF(t)_¢RF(t_TI) N
whereR stands for the photodiode’s responsivilygk is the R on TI N
photodiode’s dark current, anti(¢) is the current impulse O 1 9¢rr(t) _ )
response of the whole output circuit. Since we are inter- CORET O T

ested in low-speed operation (small bandwidth photodipdes

h(t) can be modelled to first-order as a simple RC circuit: Thus, theinstantaneous frequency of the RF signal (and not
H(w) = (1+jwRC)~!. Its 3 dB RF bandwidth is given by only central frequency) can indeed be extracted by meagurin
faap = (2rRC)~, whereR is the total output resistancethe amplitude of the quasi-DC photocurrent. Ultimatelys th
(series + load) and” is mainly dominated by the junction means that chirped RF signals can be measured and charac-
capacitance. terized, provided that the variation time of the chirpechsig
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Ioc =41+ g )1+ gr) (22)

ic(8) = U1+ )1~ ) o8 (65,)75(29) (23)

7 =41~ ) cos (69) (24)

ia(8) = (1= cos (65,) + g1+ cos(650)] J206) (25)

+oo
is(B, frF, drr(t) =2 Z [(1 — (=1)"cos (¢}y)) + L(1 + (=1)" cos (Qﬁu))] J2(B) cos (n[2n frrTr + drF(t) — drE(t — T1)))

= ERw
(26)

is slow enough to be detected by the low-pass response of tlediningx = k1/(27k2), we finally have that
photodiodes. oN K
Second,z(t) (which is related to the amplitude of the RF Trin 2 Fnin
waveform), needs to be kept low. Otherwise, contributions _ . _ L
due to higher-order terms in the Bessel expansion will starg Tus, it can be.s_een that there e>_(|sts an |nt.r|nS|c trade-
to dominate, inducing an error in the estimated instant&au;led)'cf between .the minimum temPora' width of an input pulse
frequency. This can be more easily seen by employing tﬁ@d the minimum measgrable instantaneous frgquency. As a
frequency domain formalism mentioned before. When tf@nsequence, quasi-DC instantaneous frequenies ¢ 0)
input RF power is high enough, higher-order harmonics fgn not be measured except for very long input RF pulses

the signal spectrum dominate over both the carrier and t[’@nm_ - +f°o?' L
first-order ones. Using similar arguments, it is also easy to see that

OFF _ ON H
Third, the instantaneous frequency can not be obtaingcllm 2 K17TRC = Tpin. AS @ result, an approximate upper

unless the temporal duration of the input RF pulse is at le it on the maximum measurable pulse repetition frequency
; ; RF) of the input pulses is obtained:

longer than the interferometer time deld¥, ., > 7r), as

shown in Fig. 4. Otherwise, the produft(z(t))J1(z(t —77)) PRE I fmin

will be zero and the instantaneous frequency of the signal mer = 9TON T2k

will have no impact on the detected photocurrent. Last btit no

least, the finite response time of_ the phoFodlode |mpl_|es tlﬁ' Non-ideal Amplitude Comparison Function

the steady-state value of the beating term is not reachéldaunt

certain time after the RF pulse enters the MZM. Settling ime SO far. just the general form of the detected low-speed
of RC circuits are typically specified as multiples, ] of the photocurrents has been analyzed in order to get a deeper un-

RC time constantrze: = RC), where the exact value of; derstanding of their intrinsic temporal trade-offs. Nove turn

depends on the level of convergence to the final steady-stigdheir exact expressions, which will allow us to compute th

value specified in %. As a consequence, a reliable estimatffffCt Of each parameter on system performance. To do this,
of f(t) implies that the minimum duration of an RF pulsé'€ will assume for simplicity that the amplitude of an input R
must satisfy pulse has reached a steady state after a certain time (agiseen

Fig. 4), sothat(t) = B = (1/2)(x/VAY)Arr. Appropriate
substitutions and a considerable amount of algebra yiedd th
following equations:

(18)

(19)

TON > 11 + k1Tre (17)

wherex; is an arbitrary real constant (typically; > 5 for a

convergence value better than 999%). P = 77(IDC —i¢c(B) + olia(B) +is(B, frr, ¢RF(t))]) + Ipark
Usually, 77 is much lower than xi7grc, SO that (20)

TT%VL ~ k1Tre. Also, since we are only interested in the
quasi-DC beating terms, the photodiode 3 dB bandwidth muSf"" = n(IDc —ic(B) —alia(B) + is(B, frF, gbRF(t))]) + Ipark
be much lower than the minimum instantaneous frequency (1)
(fmin) In order to filter out all unwanted RF contributions.
This is, fsap = (27Trc) ™! = Ko fmin, DeiNgk, an arbitrary whereiY? andiP°*" are the detected quasi-DC photocurrents
constant much lower than 1. Substituting these relatioms aim the upper/lower photodiodes (PD1 and PD2, respectiyely)
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n = (ILyIL;RP,/16), Ipak is the photodiode’'s dark A. Impact of individual parameters in system performance
current, and the definition of all the other terms can be fdand ] .

Egs. (22) to (26). Note that both extinction ratios (ERER;) As a first e>§ample, conS|der_the effect of.a non-zero phqse
and insertion losses (N, IL;) are given in linear units. error due to imperfect operation of the bias controllers in
The exact form of the ACF when the currents are sampl@th the MZI and the MZM. In the MZ| case (Fig. 5a),
by a couple of ideal analog-to-digital converters (ADC) calhis phase error induces a wavelength offset between the MZI

now be immediately computed as spectral transfer function and the optical carrier. As ailtes
Up the ACF shape changes, since the optical attenuations seen
ACF(B3, frr, drr(t)) = ﬁ (27) by the first-order sidebands as the RF frequency is being
(3

. ) ) ) swept are now different. For example, a valuegéf = 90°

Although complex at first sight, the final ACF is made ofyould yield a completely flat ACF. This is due to the fact that
mainly three types of terms. The first onép(;) does not the optical carrier would be now situated at the quadrature
depend on the characteristics of the RF signal, but only @fhs point of the MzI, where the attenuation induced by the
the parameters of the optical system. The second and thifgher/ilower MZI outputs at different RF frequencies is ékac
ones {¢(3) andia(B)) are dependent on RF power throughne same, independently of modulation frequency. A value of
the parameters (phase modulation index). The last Onége  — 180° would be equivalent to computing the inverse
i (B, frr, orr(t)), depends on RF power, central frequencysiio (;00wn/Upy which is an horizontally mirrored image of
and RF instantaneous phase, and contains the contributigps original ACF. In the MZM case (Fig. 5b), the existence
from first and high-order harmonics in the signal spectrurgs 5 pjas phase error leads to a non-infinite suppression of
Under a first-order approximation most of these residuabser (e optical carrier, even if ER = +oc. This is due to the
can be usually neglected, leading to an ACF which is essqget that the upper/lower branch of the MZM are no longer
tially independent of RF power. However, as we shall seesn therfectly ouf ot phase. Now the ACF is modified asymetrigally
next section, the impact of a combination of realistic pa&®n \yhich can be easily understood by noting that there exists a
values induces significant deviations in its shape. Fumibee, contribution to the total photocurrent due to the residysioal
they introduce a non-negligible RF power dependence of thgrrier. In the lower branch (minimum transmission point of
ACF curve that should be carefully taken into account in thge MZI) this residual carrier is completely suppressedesin
dgsign stage of any photonics-assisted IFM system based;98 |ocated at the MZI notch, and thus does not afi@et™,
this particular technique. However, in the upper branch (maximum transmission point
of the MZl) the relative contribution of this term &P gets
higher as the first-order optical sidebands get more and more

Thanks to the developed theoretical analysis, it is NO4ttenuated (higher normalized frequencies). Thus, the ACF
easy to quantitatively assess the influence of each paramejgs more distorted at higher normalized frequencies, Bs it
on system performance. As it has been stated, the coresfbwn in Fig. 5b. Also note that this effect is very sensitive
this particular IFM technique relies on establishing a direj, the MZM case. Phase deviations of a few degreés 42
one-to-one relationship between the ratio of two detectggbld the same amount of distortion as deviations of tens of
optical powers (quasi-DC photocurrents) and the instatas degrees (18 36°) in the MZI.
frequency of an arbitrary RF signal. In order for the system Next, the impact of a non-infinite ER in the Mach-Zehnders

to yield accurate results, this mapping must be unique apgdy, e examined. For the MZI case, it is well-known that this
independent of any other characteristic of the RF &gnaik(suimp"es an upper bound on the ratio between the maximum and

as power), which means that the ACF should not vary for Rfinimum transmission points of the transfer function. Thus
pulses of different amplitudes. Furthermore, the exagpsld  ; finite ER yields an upper/lower bound on the ACF, which

the ACF must be precisely known. Otherwise, systematic bigS tact occurs when the first-order sidebands are located at
errors are introduced in the mstantanepus frequency e2¥0Vgither the notch of the lower brancli{= = 0) or at the
process. Under perfect system operation, the measured AQdich of the upper branchffr = FSR/2). As a result,
should fit a curve of the form: the ACF symmetrically deviates from the ideal one, and its
ACF(f(¢)) = 1+ cos (27 f(t)/FSR) (28) Maximum/minimum values match the ER of the MZI (see
1 —cos (2nf(t)/FSR) Fig. 5¢). In the MZM (Fig. 5d), the effect of a finite ER is
In practice, realistic parameter values in the opticalesyst essentially equal to that of a bias phase error: Becauseeof th
(such as finite extinction ratios in both the MZI and MzM)imperfect amplitude imbalance in the MZM arms, the optical
significantly deviate the measured ACF from its ideal resgon carrier is not perfectly suppressed, and this basicallgdea
Thus, insight into the relative impact of each individua®n asymmetrical deviation of the ACF due to the same reasons
parameter can be gained by just looking at how much tié& those mentioned in the previous paragraph. Again, nate th
non-ideal ACF deviates from its perfect response when the§€ impact of a residual optical carrier is significantly g
parameters fluctuate around their ideal values. Higher AdFan that of a finite ER in the MZI. Similar ACF deviations
deviations for similar parameter fluctuations will meantteg are obtained in the MZM case for extinction ratios that are
system sensitivity, helping us to determine the most efitic20 dB higher than those in the MZI.
ones. From now on, we will assume for simplicity that the Last, it is also important to analyze how and why the ACF
input signal is not chirped, so th¢i{t) = f = frr. shape changes for different input RF power levels. As an

IIl. SIMULATION RESULTS AND DISCUSSION
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Fig. 5. Simulated ACFs for different system imperfectio(e). Bias phase error in the MZI. (b) Bias phase error in the MZd) Finite extinction ratio in
the MZI. (d) Finite extinction ratio in the MZM. Simulationaiues for all four figures are:;¢ = 50 Q, Prr = 0dBm,V,AC¢ = 3V, P, = 20 mW
andR = 0.9 A/W. All other parameters, except that under analysis, aseimed ideal.

example, two extreme situations are plotted in Fig. 6. Fag. &t which the ACF is closest to the ideal response.
illustrates the effects of an extremely high input RF power,
while Fig. 6b shows the effect of very low powers. In th(nB
first case, the ACF gets considerably distorted because of
the high value of the phase modulation inde3).(At this So far, all simulations have considered only one parameter
point, the contributions to the total photocurrent due te ttat time. While this served our purpose of understanding thei
high-order harmonicsJg(8), J2(3) ...) dominate over the individual impact, it does not provide a complete vision on
first-order ones .[2(3)), which is a direct consequence ofthe interaction and combined effect of all of them at the same
the behaviour of the Bessel functions at highvalues. For time. Consequently, we now consider a more realistic sdoat
illustration purposes, the contribution of these termshe tWhere reasonable values for all system parameters based
upper photocurrent is shown in Fig. 7 for an RF power ¢in state-of-the-art devices and integration technologies

+25 dBm. It can be seen that the third-order term is alrea#ficluded. These can be found in Table | along with approgriat
significant. Only odd orders (n = 1, 3, 5) are shown becauggferences, when needed. Simulation results are plotted in
under ideal conditions, all even order terms are zero. frig. 8. Fig. 8a shows the evolution of the measured ACF over
the second case (Fig. 6b), the amplitude of the first-ordé&e whole frequency range ([0-FSR/2]) when the input power
sidebands goes to zero @sdecreases. Neglecting all othevaries between +10 dBm and -20 dBm, a typical range for
system parameters, this implies that the relative cortidhu commercial, electronics-based IFM systems (which nogmall
of this term to the total photocurrent decreases as comparedieach down to -50 dBm [32]). It can be seen that the ACF at
that of the dark current, which is constant and does not depetitO dBm is near the optimum point mentioned in the previous
on RF power. As a result, the ACF gets flatter and flatter as tAaragraph, where just a small deviation at both high and low
RF power decreases, and the ratio approaches that of the figluencies is observed due to optical system imperfestion
residual dark currents, which is 1 (0 dB) assuming that théphase errors, amplitude imbalance, etc.). When the pasver i
are equal. These two examples show that, even considerifguced, though, the ACF flattens and asymptotically teads t

almost perfect operation, there exists an optimum RF pow&gonstant value of +25 dB. This can be understood by noting
that the photocurrents generated by the residual opticeeca

Combined impact of parameters in system performance
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=50Q,VA® = 3V,P, = 20mW,R = 0.9 AW and

now dominate over the dark current contribution, which ief the instantaneous frequency)( Finally, the difference

fairly small in state-of-the-art, low-speed InGaAs phatatks.

between this estimate and 0.5 (normalized frequency when

As a consequence, when RF power is very low the ACF = FSR/2) is calculated, which gives the normalized bias
approximates the extinction ratio of the MZI (25 dB in thigrror (f.). The whole process is described by the equation
case), which is in fact the optical power ratio between theelow:

carrier at the maximum transmission point (MZI upper brgnch 1 (A
and the minimum transmission point (MZI lower branch). e = |5 arccos (

CF(3, FSR/2,0) — 1)
(ACF(3, FSR/2,0) + 1)

) — 0.5 (29)

It can also be observed that in all cases the maximum

deviation from the ideal response takes place at high fre-The dependence gf versus RF power is shown in Fig. 8b
quencies. Thus, if no calibration curves are employed afg} three different values of both BR and ER. At high

Eq. (28) is directly used to estimate the input instantaseoRF powers, the ACF is closest to the optimum point, and a
frequency, the error introduced by this distortion will ¢ea normalized error below 0.05 is obtained for the three cases.

its maximum at FSR/2. In other words: When an RF Sign@lF power goes below 0 dBm, the bias error rapidly increases
FSR/2 enters the IFM system, the normalizeqntjl it reaches the maximum possible value (0.5), due to the

with f =

bias error of the measurement process (definedfas=

fast evolution of the ACF as the first-order sidebands apgroa

|f = f|/FSR) is maximum. This value provides an upper limithe residual optical carrier level. The threshold at whiais t

on performance and can be easily computed as follows. Filghppens is lower for higher extinction ratios, though evame
the non-ideal phOtOCUI‘rent ratio Wh¢n= FSR/2 is Computed still S|gn|f|cant over the whole power range.

using Eq. (27) ACF (3, FSR/2,0)). Afterwards, this ratio is

From the previous simulations it can be concluded that, even

inserted into Eq. (28), which can be solved to get an estimaien using state-of-the-art equipment, stringent liruitat

Current (mA)

b oL s -
| I I |
s
Q
G
’
Q
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== 15 order
— 3" order
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exist on the dynamic range of this photonics-assisted IFM
technique. As a first approach to solve this issue, a cailibrat
procedure at a fixed RF power is usually employed [24].
This basically entails characterizing the ACF after fatiin

and then embedding it into the system hardware. Afterwards,
the parametrized curve is used during the estimation psoces
instead of Eq. (28), which eliminates the non-zero biasrerro
that exists even near the optimum working point. However,
this approach only yields accurate results over a limited RF
power range, as the ACF significantly worsens at low RF
powers and thus the parametrized curve is no longer valid.
In that case, multiple ACF calibration curves measured at
different input RF powers would be needed. This approach
would in turn require a way to quickly measure the RF power
of the input pulse previous to the estimation process, aed th
choosing the curve that was calibrated at a similar RF power.

upper photocurrenti{?). Simulation values are the same of those of Fig. eAnother option, that could even be used in combination with

with Prp

= + 25 dBm.

the previous ones, would be to add a limiting amplifier at
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Fig. 8. (a) Evolution of ACF with different RF powers. (b) Moalized frequency bias error versus input RF power, assyuatiferent values of both ER
and ER.. All other simulation parameters are listed in Table I.

the input RF stage. Limiting amplifiers basically provide aadar signals. Numerical simulations indicate that a finite
constant RF power signal at their output even if the inpaarrier suppression arising mainly from imperfectionshe t
power fluctuates over a wide dynamic range. In fact, they aZM leads to significant degradation of the IFM system
commonly employed in electronic-based IFM receivers [3performance. In particular, it has been shown that both the
With an auxiliary limiting amplifier, the system could beextinction ratio and the bias phase error in the MZM are
optimized in such a way that the output RF power of thihe most critical parameters for achieving a low frequency
amplifier would be near the optimum working point of therror. Our simulations also demonstrate that the system ACF
photonic IFM system, thus minimizing error degradationrovestrongly depends on input RF power, thus leading to a poor
a wider dynamic range. In any case, complexity and cost wouygérformance in terms of dynamic range even when using
be added to the final solution. parameter values from state-of-the-art devices. Oveoalt,
results suggest that a careful analysis and assessmeng of th
impact of RF power needs to be done when designing and
reporting on the performance of photonics-based IFM system
We have developed a time domain analytical model f@finally, some ideas for alleviating this problem have been
the analysis of system imperfections in a photonics-ass$isidiscussed, such as the combined use of calibration cunges an
IFM technique based on a DSB-SC optical modulation anighiting amplifiers in the input RF stage.
a Mzl filter. Unlike previous works, our model considers
all major optical and electrical effects, such as amplitude
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