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Abstract: ~ We propose and demonstrate an electrooptic technique for
relaying microwave signals over an optical fiber and downconverting
the microwave signal to an intermediate frequency at the receiver. The
system uses electrooptic phase modulation in the transmitter to impose
the microwave signal on an optical carrier followed by re-modulation
with a microwave local oscillator at the receiver. We demonstrate that
by subsequently suppressing the optical carrier using a notch filter, the
resulting optical signal can be directly detected to obtain a downconverted
microwave signal. We further show that by simply controlling the amplitude
of the microwavelocal oscillator, the system can be linearized to third-order,
yielding an improvement in the dynamic range.
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1.

Introduction

Radio-over-fiber (RoF) systems allow radio frequency (RF) signals to be relayed over optical
fiber and are particularly attractive for applications where microwave signals must be transmit-
ted over distances in which coaxial cable would be prohibitively lossy [1, 2]. One of the key
challenges of designing RoF links is finding ways to modulate and demodul ate the microwave
signal onto an optical carrier without introducing distortion or nonlinearities. Several methods
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have been demonstrated to produce linearized electrooptic (EO) modulation such as using two
or more modulators, multiple wavelengths, different polarization states, signal predistortion, or
feed-forward circuitry [3-12]. For many applications, it is aso desirable to downconvert the
microwave signal to a lower intermediate frequency (IF) at the receiver so that it can be more
easily digitized. In conventional systems, downconversion isachieved using an electrical mixer,
which can further contribute to the loss and distortion of the link. An aternative is to perform
downconversion optically by employing heterodyne detection [13, 14] or EO mixing [15-21].

Here we demonstrate a new RoF architecture that addresses the aforementioned challenges
by using a combination of EO phase modulation and optical filtering. Unlike intensity mod-
ulators, phase modulators do not require active bias control circuitry which can result in a
simpler link design. Phase modulation has recently attracted attention for RoF applications,
with several groups reporting systems for demodulation based on coherent detection or feed-
back loops[11,22—-25]. The main disadvantage of phase modulation has been the complexity of
detecting the phase encoded information at the receiver. However, it has been shown that phase
modul ated signals can be converted to intensity modulation by inserting a dispersive device or
by filtering the optical carrier after phase modulation [26-28]. The intensity modulated signal
can then be detected using a square-law photoreceiver. Furthermore, suppression of the optical
carrier in intensity modulated links has been shown to have the added benefit of increasing the
effective modulation depth, which results in improvements in the RF-to-RF gain [28-30].

Here we show that by using two cascaded phase modulators, one driven by amicrowaveinput
signal and the other by a strong microwave local oscillator (LO) tone, a downconverted signal
can be produced at the difference frequency. Because the downconversion is accomplished
through EO mixing and optical filtering, the photoreceiver need only be fast enough to resolve
the downconverted IF signal. Slower photoreceivers are not only more economical, but may also
be able to handle higher optical powers, which could further lead to additional improvements
of the link gain and noise figure. The system presented in this paper achieves a downconversion
gain that is up to 2.64 dB higher than that of a hon-downconverting intensity modulated link
with comparable components and optical power.

A surprising feature of the system isthat by simply adjusting the amplitude of the microwave
LO, it ispossible to eliminate the third-order intermodul ation distortion (IMD3) introduced by
the modulation and demodulation processes. This linearization method does not require mul-
tiple wavelengths, additional modulators, polarization states, or precise splitting of the optical
and RF powers, and can beimplemented entirely in the receiver. Despite a penalty in the down-
conversion gain, we show that the linearized system increases the spur-free dynamic range
(SFDR) from 103.5 dB/Hz%/3 to 114.0 dB/HZ*/>.

2. Principle of operation

Figure 1 shows a diagram of the downconverting phase-modulated RoF link presented here.
A high stability, narrow linewidth, fiber laser (NP Photonics) with a center wavelength of
1552.470 nm was used as the optical source. The output of the laser was connected to the
transmitter (TX) phase modulator through polarization maintaining fiber (PMF). The TX phase
modulator was a 40 GHz, z-cut LiNbOs modulator with a measured V,; of 5.3 V at 20 GHz.
The output of the TX phase modulator was connected to the input of the receiver (RX) phase
modulator through a second length of PMF. The RX phase modulator was similar to the TX
phase modulator, but it had a measured V; of 4.1V at 19.5 GHz. The transmitter and receiver
phase modulators were driven by a microwave input signal and a strong microwave LO tone,
respectively.

The signa emerging from the RX phase modulator was sent through a fiber Bragg grating
(FBG) in transmission mode to suppress the optical carrier. The FBG was designed for add/drop
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Fig. 1. Diagram of the downconverting RoF link presented here. The system uses two cas-
caded optical phase modulators, one in the transmitter and one in the receiver, followed by
afiber Bragg grating (FBG) and asquare-law photoreceiver. The FBG is chosen to suppress
the optical carrier at ve. Thereceiver phase modulator is driven by a strong microwave LO
to produce | F beat products that are detected by an optical photoreceiver.

filtering of dense wavelength division multiplexing systems having 25 GHz channel spacings.
Thisfilter provided approximately 23 dB attenuation to the carrier with respect to the sidebands
at 1552.470 nm and approximately 2.5 dB of out-of-band insertion loss. The 3 dB notch-width
of the FBG was measured to be approximately 14 GHz and the frequency offset between the
optical carrier and the filter center frequency was less than 1 GHz. The optical output from the
filter was connected to an InGaAs PIN photodiode having a 50 Q internal termination resistor
and anomina 3 dB bandwidth of 12 GHz.

Figure 2 illustrates the downconversion process by showing the optical and electrical spectra
measured at various pointsin thelink. The optical spectrawere captured using a high resolution
Brillouin optical spectrum analyzer (Aragon Photonics) with a spectral resolution of 80 fm
(10 MHZz). The fiber laser spectrum is shown in Fig. 2(a) where P, denotes the optical carrier
power. At the transmitter, the optical signal is modulated by a weak 20 GHz microwave signal
with modulation depth m; = 0.1. This produces a series of optical sidebands with intensities
proportional to J2(my) at frequencies of | f; about the optical carrier wherel = 0,+£1,+2,... as
shown in Fig. 2(b).

In the receiver, the phase modulated optical signal isre-modulated by a strong microwave LO
having a modulation depth my &~ 1.08 and frequency fo = 19.6 GHz. This generates additional
optical sidebands with frequency spacings of mfg, wherem=0,+1,+2, ..., about each of the
thel f1 frequency components. The resulting spectrum is shown in Fig. 2(c) where each spectral
component is proportional to J2(my)J3(mo).

The twice-modulated optical signal is then sent through a FBG with the measured optical
transmission shown in Fig. 2(d). The FBG filters out the optical carrier for which | + m =
0 while allowing the sidebands to pass. The carrier-suppressed optical spectrum is shown in
Fig. 2(e).

After thenotch filter, the resulting optical signal isdetected by asquare-law photoreceiver. As
explained later in Section 3, the photocurrent contains terms at the downconverted frequency,
Q10 = Q1 — Qp, that are proportional to the power of the microwave input signal. Fig. 2(f)
shows the measured electrical spectrum of the photodetected signal which is clearly centered
at the downconverted frequency of fip = 400 MHz.
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Fig. 2. (a) Optica spectrum of the laser (closed circle). (b) Optical spectrum measured
after the transmitter phase modulator, showing the optical carrier (closed circle) and side-
bands at +f1 = +£20 GHz (open circles). (c) Optical spectrum measured after the receiver
phase modulator driven by aL O, showing additional sidebands at + fy = +19.6 GHz (open
squares), +f; F2fy = £19.2 GHz (open triangles), and + f; F fo = 400 MHz (no sym-
bol). (d) Measured transmission of the FBG. (€) Optical spectrum measured after the FBG,
showing suppression of the optical carrier and sidebands at +f;  fp = 400 MHz. (f)
Electrical spectrum measured at the photodetector, showing the downconverted tone at 1o
=400 MHz.

3. Theoretical analysis

We begin with a continuous wave optical signal with optical frequency wc, that can be described
by the complex optical field

ua(t) = VP el (1)

where we have normalized the field such that |ua|? represents the optical power. For simplicity,
in the analysis that follows, we neglect the optical insertion losses of the modulators, filter, and
transmission fiber. These losses can be accounted for by proportionately reducing F.. Alterna-
tively, one may define P to be the optical power measured at the input of the receiver modulator
when the signal and L O are turned off.

In the transmitter, the signal is phase modulated by a sinusoidal microwave signal with am-
plitude V1 and frequency Q1 to produce an optical field

UB('[) = \/ﬁcejwctejmlsinglt (2)
where my isthe input signal modulation depth, expressed in radians as

Vi
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and V; is the half-wave voltage of the phase modulator. At the receiver, the signal is remodu-
lated by a strong microwave LO toneto give

Uc(t) _ \/ﬁcejmctejmlsingltejnbsinﬂot ()

where my isthe modul ation depth produced by the L O, defined analogously to Eqg. (3). Applying
the Jacobi-Anger expansion to Eq. (4), we obtain

Uc(t) = VR @ 3 3 3 () (g ) 1217 5)
I m

where both summations run from —eo to +-oo.
The optical notch filter can be mathematically modeled by excluding those terms in Eq. (5)
for which| +m=0,

Up(t) = VR & U3 1 (my) Im(mp)el1F ) (®)
(Ilm;TO)

Following the FBG notch filter, the optical field is detected by a square-law photoreceiver
with responsivity R to produce a photocurrent given by

(1) =Rup P =RR T Y, T3 [3(m)dn(mo)dn(my)Ip(mo)ell-msm-pit] - (7)
('lm;no)(nipio)

To determine the downconversion gain of the system, we consider only the termsin Eq. (7)
that are oscillating at the downconverted frequency Qi = Q1 — Q. Thisis equivalent to in-
cluding only the terms in the summation for which (I —n) = +1and (m—p)F1,i.e,

i)y = RPCE 2 31 (M) 3y 1.(M) I (M) 1 (M) e210' + c.c. 8
T mz

The restricted summation in Eq. (8) can be written as a difference of two full summations,
()], = RPe| X 2 3(M) 3 42(M1) dn(Mo)don-1(m) (%)
| m

— > I m(Mi) I 2 (M) I (Mo) I 1 (Mo) [ €420 + c.c. (9b)

The double-summation in Eq. (98) can beinterpreted as the photocurrent that would result if the
notch filter was absent. Applying a Bessel summation identity, this contribution can be shown
to be zero, which confirms that phase modulation by itself cannot be directly detected by a
square-law photoreceiver. Thus, the downconverted photocurrent simplifies to

i(t)‘wiglo = l1pCcosQot (20
where the photocurrent amplitude, I1g, is defined as
110 = 2RPe Y (M) Im—1(M1) Im(Mo) Im—1(mo) 11)
m

Taylor expanding Eq. (11) to third-order in my yields

l10 = RPe [ 2my.Jo(mo) J1(mo) — ? (3Jo(Mo)J1(Mo) — Ja(Mo)J2(Mp)) (12)
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For small microwave signals applied to the TX phase modulator (i.e. my < 1), the cubic term
in Eq. (12) can be ignored. The time-averaged downconverted electrical output power at Q19
through an impedance Zy; is then

Pout = 2Zout [RPemyJo(mo) 3y (mg) 2 (13)
Using Eq. (3), the time-averaged input microwave power at Q; through an impedance Z;,, can
be written as 5
. 1 mVy
o= 57 (2" ) 19

The small-signal RF-to-IF downconversion gain of the system is found by taking the ratio of
Eq. (13) to Eq. (14) to obtain

27RP; \ 2

6= (2 ) 3o} (o) ZoaZi (19)
T

Thegainin Eg. (14) can be compared to that of anon-downconverting quadrature-biased Mach-

Zehnder (MZ) link having the same input optical power, impedances and half-wave voltage,

which can be shown to be

RP.\ 2
Guz = (ﬂ C) ZowZin (16)

It should be noted that a quadrature-biased Mach-Zehnder link is not equivalent to the phase-
modulated link presented here because (a) it uses only one EO intensity modulator, instead of
two EO phase modul ators, and could therefore provide alower overall optical insertion loss (b)
it would require an electrical mixer to downconvert the transmitted signal to IF, which would
introduce additional electrical losses not present in our link. Nonetheless, the comparison is
useful because it allows one to factor out common component related parameters such as pho-
todiode responsivity, transmitter modulator half-wave voltage, and input and output €electrical
impedances, which affect the link architecturesin the same way. The small-signal gain givenin
Eq. (15) can then be expressed in terms of Gyz as

G = 16[Jo(Mo) J1(Mo)]* Gmz (17)

The gainin Eq. (17) is maximized for a LO modulation depth of my = 1.08. In this case, the
link presented here achieves a downconversion gain that is a factor of 1.84x (2.64 dB) higher
than that of a comparable MZ modulator link.

4, Linearization

As explained in Section 3, the downconversion gain of the RoF link presented here can be
maximized by setting the amplitude of the LO to mp = 1.08. However, the gain is only one
factor that governs the overall link performance. In some situations, it may be preferable to
optimize the linearity and dynamic range by minimizing the intermodulation distortion (IMD).
For sub-octave signals, the dynamic range is limited by third-order intermodulation distortion
(IMD3). This distortion can easily be characterized by applying two closely-spaced microwave
tones at the RF input. The fundamental tones and the IMD products can then be measured in
the downconverted electrical spectrum.

Intermodulation distortion is associated with nonlinearities in the EO modulation and de-
modulation transfer functions. Even in the single tone case, distortion is present in the down-
converted photocurrent at Q19 as evident in the term proportional to nﬁ in Eq. (12). This con-
tribution to signal distortion can be eliminated by appropriately choosing the LO modulation
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depth my, which leads to the following linearization condition:

3Jo(Mo)J1(mp) — J1(mo)J2(mp) =0 (18)

As shown in Appendix A, in the two-tone analysis, this condition also eliminates the IMD3
products at 2f; — f, — fo and 2f, — f; — fo. The smallest value of my that solves Eq. (18)
was numerically found to be my = 2.17. When this value of my is substituted into Eq. (17),
the downconversion gain evaluates to G = 0.081 Gyz, which is 13.6 dB lower than for the
maximum gain case.

To experimentally confirm this result, we conducted a two-tone measurement in which the
L O strength (mp) was swept while the power of the downconverted fundamental tones and third
order intermodulation (IMD3) were measured. For these measurements, the single microwave
tone at the TX phase modulator shown in Fig. 1 was replaced by a pair of closely spaced tones
with frequencies f; = 20.00 GHz and f, = 20.02 GHz and equal modulation depths m; =
mp = 0.14. In order to improve the electrical isolation between the two synthesizers, three-port
ferrite circulators configured as electrical isolators were used at the synthesizer outputs. The
two microwave tones were then combined using a four-port hybrid coupler. The LO frequency
was set to fp = 19.6 GHz to produce downconverted tones at 400 and 420 MHz and sub-octave
IMDs at 380 and 440 MHz. The DC photocurrent, downconverted fundamental power, and
downconverted IMD power were measured as a function of the LO modulation depth.

Figure 3 shows the results of this measurement along with the corresponding theoretically
calculated curves. When calculating the output powers for Fig. 3, an additional factor of 1/4
was incorporated to account for the presence of an internal 50 Q terminating resistor in the
photoreceiver. The measurements and theory show excellent agreement across all values of mg.
It is clear that the fundamental power is maximized at mg = 1.08 while the IMD3 power is
minimized by choosing my = 2.17, which reduces the fundamental power by 13.6 dB relative
to it's maximum value.

Figure 4(a) shows the electrical spectrum measured for aL O modulation depth of mp = 1.08,
which produces the maximum downconversion gain. The IMD products are clearly visible at
frequencies of 2f; — f, — fg = 380 MHz and 2f, — f; — fp = 440 MHz. To linearize the sys-
tem, we increased the L O power to achieve my = 2.17, which produced the electrical spectrum
shown in Fig. 4(b). The fundamental tones are reduced by 13.8 dB from their value in Fig. 4(a),
which agrees well with the theoretically calculated gain penalty of 13.6 dB, and the IMD prod-
ucts fell below the noise floor of the electrical spectrum analyzer. Finaly, we increased the
input signal powers by +13.8 dB to compensate for the linearization gain penalty. As shown in
Fig. 4(c), even in this case, the IMD products are suppressed rel ative to the non-linearized case
shown in Fig. 4(a). This confirms that, despite the gain penalty, this linearization technique can
improve the dynamic range.

When the IMD3 products are suppressed by choosing my according to Eqg. (18), the residual
sub-octave IMD products are expected to be dominated by fifth-order contributions. Thus, we
do not expect complete suppression of the IMD products in the linearized case, but only the
elimination of the third-order dependence. To verify this, we measured the downconverted and
IMD powers as afunction of the input power. Figure 5 shows the results of these measurements
for the maximum gain and linearized cases. The solid curves were ssimulated while the circles
indicate experimentally measured points. The dashed curves and open circles correspond to the
maximum-gain case, my = 1.08, and the green curves and filled circles indicate the linearized
case, my = 2.17. For the latter case, the IMD products clearly have a fifth-order dependence
on the input power, indicating that the third-order dependence has in fact been suppressed. All
measurements in Fig. 5 were performed using a resolution bandwidth of 100 kHz. The IMD
products were measured using a low-noise |F preamplifier and tunable RF bandpass filter at
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Fig. 3. Calculated (solid lines) and measured DC photocurrent (squares), downconverted
signal power (open circles), and third-order intermodulation distortion (IMD3) power
(filled circles) as a function of the LO modulation depth mg. The downconverted signal
and IMD3 powers grow in proportion to m; and mf respectively, but here they are evalu-
ated at an input modulation depth of my = 0.14.
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Fig. 4. Measured downconverted electrical spectra, showing the suppression of intermod-
ulation distortion products achieved by adjusting the LO strength my. (@) Downconverted
spectrum obtained when the LO power was adjusted for maximum gain (i.e., mg = 1.08).
(b) Spectrum obtained under same conditions as (&), but with the LO amplitude increased
to mp = 2.17. (c) Output spectrum obtained under same conditions as in (b), but with the
input signal strength increased by +13.8 dB to compensate for the gain penalty. Notice that
even when theinput amplitude isincreased to compensate for the gain penalty, the dynamic
range isimproved in comparison to the non-linearized case shown in (a).
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the output of the photodetector to isolate the weaker IMD tones from the stronger fundamental
tones and to overcome the poor noise figure of the spectrum analyzer. Despite the gain penalty,
the linearized system achieves a normalized dynamic range of 114.0 dB/HZ*/®, whereas the
maximum-gain case reaches only 103.5 dB/Hz?/3.
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Fig. 5. Downconverted signal and intermodulation powers as a function of the input mi-
crowave power. The blue curves and open symbols were obtained with a LO amplitude
of mp = 1.08, which gives the highest downconversion gain. The green curves and filled
symbols were obtained with mp = 2.17, which suppresses the third-order intermodulation
distortion.

5. System bandwidth

When calculating the gain of the downconverting link in Section 3, we assumed an ideal notch
filter that completely extinguished al termsin the vicinity of the carrier while fully transmitting
all of the spectral sidebands. Furthermore, we neglected the effects of chromatic dispersion that
occurs as the optical signal propagates in the fiber linking the transmitter and receiver. In this
section, we address these topics, both of which can place a bound on the bandwidth of the
system.

Theoretically, the bandwidth of the optical notch filter limits the minimum frequency that can
be transmitted through the system. To experimentally investigate this effect, we measured the
downconversion gain as afunction of the input signal frequency, f1. The LO frequency was ad-
justed in parallel with the input signal frequency in order to maintain a constant downconverted
IF of f; — fo = 400 MHz. Since the half-wave voltage of EO modulators vary with frequency,
the LO power was adjusted to maintain a constant LO modulation depth of my = 1.08 for
al measurements. When varying the signal frequency f1, the half-wave voltage V,; was inde-
pendently measured so that the electrical response of the TX phase modulator could also be
factored out.
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Figure 6 shows the normalized downconversion gain as a function of the signal frequency
f1. The gain was normalized relative to the reference value given by Eq. (16), which represents
the gain of a Mach-Zehnder (MZ) intensity-modulated link with comparable parameters. As
before, the normalization was adjusted by 6 dB to properly account for the presence of an
internal 50 Q terminating resistor in the photoreceiver. This normalization process implicitly
factors out the electrical response of the modulator, by incorporating the measured frequency
dependence in V. The dashed line in Fig. 6 shows the 2.64 dB downconversion gain (relative
to the MZ case) obtained from theory, under the assumption of ideal filtering. When the input
modulation frequency exceeds the half the notch filter bandwidth, the experimentally measured
gain closely approaches this theoretical value. As shown in Fig. 2(d), the FBG had a spectral
bandwidth of approximately 14 GHz. Therefore, when the input modulation frequency falls
below 7 GHz, the +1 sidebands are partially blocked by thefilter, causing the downconversion
gain to decrease, as shown in Fig. 6.
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Fig. 6. Downconversion gain as a function of the signal carrier frequency f;, normal-
ized relative to Gyz, the gain of a comparable non-downconverting link employing a
quadrature-biased Mach-Zehnder intensity modulator with direct detection.

Chromatic dispersion in the fiber is well-known to produce phase modulation to intensity
modulation conversion, and vice versa [31-34]. In systems where the modulation frequencies
are known, an appropriately chosen dispersive medium inserted after a phase modulator can be
used in place of the optical notch filter to achieve EO frequency mixing [20, 21, 27].

This system, however, is designed to accommodate a wide range of possible input frequen-
cies. In this case, chromatic dispersion limits the bandwidth, transmission length, and down-
conversion gain. The derivation presented in Section 3 can be generalized to include the effect
of chromatic dispersion between the transmitter and receiver. If the two phase modulators are
separated by a fiber of length L, then to first-order, the amplitude of the downconverted pho-
tocurrent can be shown to be

nLD
l10 = 2RP.my Jo(mg)J1.(mp) cos < ?Ag ff) (19)
where D is the chromatic dispersion of the fiber, typically expressed in ps/nm-km, A¢ is the

carrier wavelength, and f; isthe signal frequency. Apart from the additional sinusoidal factor,
Eq. (19) isseen to beidentical to the leading linear term in Eq. (12).
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The downconverted signal will be completely extinguished when the dispersion and fre-
guency satisfy the following relation:

@A&ff =1,35,... (20)

For the case of D = 17 ps/nmkm, A = 1552.470 nm, and f; = 20 GHz, the first null occurs at
afiber length of L = 9.15 km, and the —3 dB point occurs at L = 4.58 km.
Conversely, for agiven fiber length, chromatic dispersion limits the maximum frequency that
can be transmitted. The downconversion gain isreduced by —3 dB at afrequency of
1 C

T (21)

fi=—
1722\ LD|

Another configuration of interest is when the input signal and LO modulators are both co-
located at the transmitter, which is then separated from the FBG and photodetector by a disper-
sive fiber. In this case, the analysis of the downconversion gain is slightly more complex [27].
Numerical simulations suggest, however, that although fading can occur under these conditions,
the signal fading criterion is dictated primarily by the downconverted IF, f; — fo. Using f; =20
GHz, fo =19.6 GHz and my = 1.08, we numerically calculate that the first null in transmission
should occur at alength of L ~ 200 km.

6. Conclusions

In this paper, we reported a downconverting radio-over-fiber system that employs two cascaded
optical phase modulators followed by an optical notch filter for carrier suppression. The sys-
tem offers several advantages over competing downconversion schemes. Unlike conventional
electrical downconversion, the system does not require a high-speed photoreceiver or electrical
mixer. In contrast to optical heterodyne downconversion methods, the system does not require
two phase-locked optical sources. Because it does not use intensity modulators, active bias
control is not needed. We further demonstrated that by simply adjusting the strength of the mi-
crowave LO, it is possible to eliminate the third-order intermodul ation distortion in the system,
which is shown to improve the dynamic range of the link.

A. Two-Tone Analysis

In Section 3, expressions for the downconversion gain for the single tone case were derived up
to third-order. In this Appendix, the case where the input signal is comprised of two closely
spaced tones is considered. The fundamental, IMDs, and DC terms are evaluated up to fifth-
order.

At the transmitter, an optical carrier with power P, and frequency . is phase modulated
by two closely spaced sinusoidal tones v (t) = Vi sinQat and vo(t) = Vo sinQyt, to produce an
optical field given by

ug(t) = \/ﬁcejwctejmlsingltejmzsingzt (22)

where, as before, the i modulation depth (in radians) is given by m = 7V, /V,,. At the receiver,
the signal is modulated again by a strong L O tone with modulation depth my and frequency Qq,
to produce an optical field given by

Uc(t) _ \/ﬁc ejwctejmlsinﬂltejmzs'ngztejrrbs'nQot (23)
The exponentiasin Eq. (23) are expanded in terms of Bessel functions to obtain
Uc(t) = VR &Y S S 3y () Jn(mg) Jn(mp)el |G+ mez o)t (24)
| mn
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Anideal optical notch filter will extinguish all of the termsin Eq. (24) for which| +m+n=0,
i.e,

Up(t) = VP &% 333" 3 (my)Im(mp) dn (mg) el Mz £nlo)t (25)
| m n
(I+m+n£0)

The detected photocurrent is then given by

i(t) =Rlup(t)[? (26)
=RP ;22 D2 J(M1)In(M2)In(Mo) Ip(my) I (M) Jr (Mo) 27
mn paqr

(I+-m+n#0) (p+g-r+£0)
« el [(1=P)Q1+(M-q)Qa+(n—-r)Q]t

Expanding Eq. (27) up to fifth-order in my and mp, and retaining only the downconverted
in-band products and DC terms, we find

(1) =RPe{ [@o(mo) + (o) (M8 + M) + P4 (o) (mé + 4mizmg + mf) | (28)
o+ | @1(mo)my -+ Pg(mo) (T -+ 2mB) + @s(mo) (m§ + Bmmg + 3mum) | cos(Quot) (29)
+ | @s(mo)mim, -+ s (3mEmg -+ 2mimy) | cos( (2010 — Qz0)1) (30)
+ ®s(mo)mim; cos((3Q10 — 220)t) (31)

+ similar terms at Q0, (2Q20 — Q10) and (3Qz — 2910)}

where Q;j = (Q; — Q) and the coefficients @, (imp) are tabulated below:

Po(mo) 1-J(mo)

@1 (my) 2Jo(mo) (o)

Py(1m0) 5 [9(mmo) — 3(mo)

@3(mo) —% [330(mo)J1(mo) — J1 (M) Jo(m)] -
®4(mo) —3—12 [335(mo) — 437(mo) + I3 (mo) ]

@s(mo) | o [109o(1mo)31(mo) — 531(m0)2(1mo) + J1o) 7o)

We note that thelinearization condition given by Eq. (18) isequivalent to requiring ®3(mp) =
0, which eliminates not only the third-order IMD products in Eq. (30), but aso the cubic con-
tribution to the fundamental tonesin Eq. (29).

Equation (31) indicates that there will be fifth-order intermodulation products present at the
downconverted frequency 3Qj0 — 2Qy. For clarity, these terms were not plotted in Fig. 5,
because for my = mp they are always smaller than the dominant IMD3 contributions at 2Q19 —
Qoo for small input signals (my, mp << 1).
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