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ABSTRACT

A novel velocity-matched distributed balanced photodetector operating at 1.3 and 1.55um wavelengths has been
experimentally demonstrated. Distributed absorption and velocity matching of the optical and microwave signals are employed
to achieve high saturation photocurrent. A common mode rejection ratio greater than 27 dB has been achieved over a wide
range of photocurrents. More than 24dB suppression of the relative intensity noise of the laser source and EDFA added noise
has been achieved in a broadband RF link experiment. Shot noise limited performance has been achieved with significant
improvements in the signal-to-noise ratio.
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1. INTRODUCTION

In analog fiber optic link, high speed photodetectors with high saturation photocurrent can improve the overall link
performance. In externally modulated links, the link gain, noise figure, and spurious free dynamic range (SFDR) improve with
increasing optical power of the link.! If the photodetectors have sufficiently high saturation power, this improvement will be
limited by the relative intensity noise (RIN) of the laser source and the amplified spontaneous emission noise (ASE) from
erbium-doped fiber amplifiers (EDFA). It is known that the laser RIN and EDFA-added noise can be suppressed by balanced
receivers.'? Therefore, balanced receiver with linear photocurrent under high input power is a critical component of high-
performance analog fiber optic links.>* High power balanced receivers are also important for optical heterodyned receivers and
optoelectronic generation of high power microwaves and millimeter-waves.

Discrete balanced photodetectors with high saturation power have been reported, however, they have limited bandwidth.’ It is
also more difficult to match the electrical and optical characteristics of the photodetector pair using discrete components. Most
of the reported integrated balanced receivers suffer from low saturation power and are not suitable for analog links.*® Several
previous works aimed at simultaneously achieving high power and high bandwidths in photodetectors using waveguide®?,
travelling wave'! and travelling-wave hybrid detector arrays.'? Previously, Lin et. al. reported a GaAs-based velocity-matched
distributed photodetector (VMDP) with a peak saturation photocurrent of 56 mA and a 3-dB bandwidth of 49 GHz." Recently,
InP-based long wavelength VMDP has also been reported.'* Compared with other photodetector structures, the VMDP is more
suitable for implementing balanced photodetection since it has separate optical and microwave waveguides. In this paper, we
discuss the design; fabrication and system performance of a novel monolithic distributed balanced photodetector that can
simultaneously achieve high saturation photocurrent and large bandwidth. A common mode rejection ratio of 27 dB and a
noise suppression of 24 dB have been experimentally demonstrated.

2. THEORY AND DESIGN

The schematic drawing of the distributed balanced photodetectors is shown in Figure 1. It consists of two input optical
waveguides, two arrays of high-speed metal-semiconductor-metal (MSM) photodiodes distributed along the optical
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waveguides, and a 50Q2 coplanar waveguide (CPW) output transmission line. The diodes are 23 um long and 5 um wide. The
separation between photodiodes is 150 pm. The MSM fingers with 1um width and 1pm spacing are patterned by optical
lithography. The overlap of the MSM fingers is 10.5 pm. The central conductor of the CPW has a“width of 55 um and the
separation between the central conductor and the ground conductors is 85 pm. Without the photodiodes, the velocity of the
CPW is about 31.8% faster than the light velocity in the optical waveguide. The photodiode .arrays provide periodic
capacitance loading to slow down the microwave velocity. By adjusting the length and separation of photodiodes, velocity
matching between the CPW and the optical waveguides is achieved. The impedance of CPW is also matched to 50Q2. The
detector operates in balanced mode when a voltage bias is applied between the two ground electrodes of the CPW. The
common-mode photocurrent flows directly to the bottom ground electrode while the difference photocurrent (signal) flows to
the center conductor. The signal is then collected by the CPW.

Velocity-matched CPW

induj jeondo

Figure 1. Principle and schematic structure of the distributed balanced photodetector. Multiple balanced photodetector pairs are cascaded in
series along a coplanar waveguide to increase saturation photocurrent. The inset on the right shows the active region with an MSM
photodiode. The MSM fingers provide the capacitance and resistance to the CPW and help to slow down the microwave velocity of the
receiver matching it to that of optical velocity in the optical waveguide.

The distributed balanced photodetector inherits the basic advantages of the VMDP, namely, high saturation photocurrent, high
quantum efficiency, and large bandwidth. It should be noted that even though only the difference current (AC signal) is
collected in the balanced photodetector, the DC light is still absorbed in the photodiodes. As a result, high DC saturation
photocurrent is required for the distributed balanced photodetectors. By coupling only a small fraction of light from the passive
waveguide to each individual photodiodes, the photodiodes are kept below saturation even under intense optical input. Though
longer absorption length is required, the bandwidth of the distributed balanced photodetector remains high because of the
velocity matching. The linearity of the detector is also improved by distributed absorption because the photo carrier density is
reduced in the active region.

We achieved matching of velocities and impedance using a quasi-static simulation method. A full wave analysis was later done
to investigate the effects of the factors that were ignored in the quasi-static analysis. No considerable difference was observed
in the performance of the balanced receiver for frequencies below 100GHz. The overall performance of the balanced receiver
is determined by several factors: velocity matching, microwave loss, parasitic resistance and capacitance of the photodiode,
carrier transit time in the photodiode, and coupling efficiency.

2.1. Equivalent circuit of the distributed balanced receiver

In terms of circuit elements and microwave properties, the distributed balanced photodetector resembles velocity matched
distributed photodetectors (VMDP). In the receiver, a photodiode is a current source in parallel with a capacitance C,, and then
in series with a parasitic resistance R, We have chosen to use MSM photodiodes because of the ease of integration with the
coplanar waveguide (CPW). In order to simulate the microwave performance of the receiver, we used the transmission matrix
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method developed by Lin et. al.”® The circuit equivalent of each pair of the balanced detectors in the receiver is considered in
the simulation. Figure 2 depicts the equivalent circuits of the balanced photodetectors.
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Figure 2. (a) A pair of balanced detectors (b) Equivalent circuit of the balanced detectors (c) Norton equivalent circuit of the balanced
detectors.

The parameters used in the above circuit are described by the following expressions:
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.C p) is the RC-limited frequency of the photodiode. Similar equations can be written for i‘h. From Eq. (1),
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The distributed balanced detector structure was analyzed as a microwave transmission line periodically loaded with active

photodiodes, as shown in Figure 2. The equivalent circuit consists of two arrays of unit cells comprising a section of
transmission line of length A, two shunt photodiodes admittance Y, and two current source i, The admittance Y and the
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relation between i ',,;,,,, and iy, of each photodiode have been derived in Eqgs. (1) and (2), respectively.
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Figure 3. Equivalent circuit of the balanced receiver. In the ideal case C; and C;, V, and Vy; 1,5‘, and i.g, and R, and Ry are equal. M/ is
the transmission matrix of the transmission line segment and M2 matrix expresses the photodiode.
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Following same formalism described in Ref. 15-16, which was based on Ref. 19-24, we simulated the structure to calculate the
quantum efficiency, total microwave loss and other properties of the receiver. The characteristic impedance and the phase
velocity of the CPW are calculated using the equivalent circuit model described in Ref. 14. The length of the photodiodes and
the separation between them are adjusted to achieve simultaneous velocity matching and impedance matching. Since the
separation between the central conductor and the ground electrodes (85 pum) are much smaller than the wavelength of the RF
signal (about two order of magnitude smaller at 50 GHz), quasi static analysis is reasonably accurate.'’ The capacitors and
resistors of each photodiodes are considered as lumped elements in our quasi-static simulation. After optimizing the receiver
structure, a full-wave analysis was performed to verify the design. We found that the quasi-static results agree very well with
the full wave analysis for frequency below 100 GHz. The period in our device corresponds to a cut-off frequency of 300 GHz,
well above our expected frequency of operation. Therefore, the dispersion due to the periodicity of the structure is negligible
for frequencies below 100 GHz."
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Figure 4. (a) Characteristic impedance of the unloaded and periodically loaded CPW versus the microwave frequency. (b) Phase velocity of
the periodically loaded CPW in the distributed balanced receiver structure, compared with the velocity of the optical wave.

2.2, Effect of periodic loading

For the distributed balanced receiver, the transmission line is periodically loaded with active photodiodes. For low frequency
region where the spacing between the photodiodes is small compared to the wavelength (150 um in our design), the effect of
periodic loading on the phase velocity of microwave is given by Ref. 25:

C -1
v, (f)= \/[CM(fH—’Zij-LM(f) 3)

where Cy(f) is the equivalent capacitance and L,(f) is the equivalent inductance per unit length of the transmission line. In Eq.
(3), Cp,¢4 is the effective capacitance of the photodiode which is derived by taking into account both the contributions from the
parasitic resistance R, and capacitance C, of the photodiode:

1
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The impedance of the periodically loaded transmission line can be derived under the same assumption:> -

Z,(f)= ®

We can calculate the parasitic capacitance and resistance of the MSM photodiode by using by using the method described in
Ref. 26. In our structure, the MSM finger pattern has the following geometry: metal line width = 1.0 pm, finger pitch = 2.0
um, metal thickness = 2000 A, finger length = 18 um, overlap finger length between electrodes = 10.5 um, and the distance
between adjacent active photodiodes is 150pm. These parameters resulted in an R, of 1.53Q2 and a C, of 14.32fF from each
photodiode in the balanced receiver. Using these parameters and the equations described in this section, the impedance and the
phase velocity of the loaded transmission line in balanced receiver structure versus the frequency are plotted in Figure 4-a and

4-b, respectively. The velocity of optical wave in balanced receiver obtained from the effective refractive index of the optical
waveguide is also shown in Figure 4-b.

2.3. Optical waveguide

The optical waveguide consists of the following: a 200-nm-thick Ings>Alg37Gag1;As lower cladding layer, a 500-nm-
thick Ing s2Alp 178Gag302As core region, a 200-nm-thick Ings;Aly 37Gag 11As first upper cladding layer, and a thin Ings,Alg 43AS
second upper cladding layer. The 150-nm-thick absorption region is located on top of the waveguide for evanescent coupling.
Since the Schottky barrier height of most metals on InGaAs is typically between 0.2-0.3 eV, an Ing 5;Alj 4gAs cap layer is used
to increase the Schottky barrier height and therefore decrease the dark current of the photodiodes.”® *” A graded layer is

incorporated in the structure to reduce the minority carrier trapping at the InAlAs-InGaAs band edge discontinuity. Figure 5-(a)
shows the epi-layer of the receiver.
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Figure 5. (a) Epitaxial layer structure of the balanced receiver with active photodiode layers. (b) Optical power distribution along the
waveguides when one waveguide is illuminated. No active region is considered in this simulation.

A scalar three-dimensional beam propagation method (BPM) was used to simulate the optical properties of the
balanced VMDP. Our simulation shows that an AC quantum efficiency of 42% can be achieved for balanced receiver with 10
pairs of photodiodes. Since the two optical waveguides are 140 pum apart, no optical coupling between the waveguides is
expected. This is confirmed by the BPM simulation. Figure 5-b shows the optical intensity profile and the power distribution
along the waveguides when a fundamental mode is launched into the first waveguide (WG1) at the input. The waveguide
powers were calculated using computational windows surrounding the individual waveguides. Indeed, no power coupling to

30



WG2 is observed in the simulation. Experimentally no response was observed in the un-illuminated VMDP when one VMDP

of the receiver was illuminated. The slight decay in WG1 (0.195 dB/mm) is attributed to loss to slab mode.

The effective index in the photodiode region has an imaginary part because of the absorption of optical wave. The effective
index N, calculated using the program developed by Ref. 13 and 14, for the optical waveguide is 3.337. The group velocity of

the optical wave can therefore be determined using the following equation:

=8.615x10° (cm/sec)

v, ="
opt
qu

2.4. Overall performance of the distributed balanced receiver

The overall performance of the balanced VMDP is simulated using the model in Ref. 14, which includes the transit-time
frequency response of the photodiodes, the loss and dispersion of the microwave transmission line, the optical coupling loss
between the photodiodes, and the residue velocity mismatch between the CPW and the optical waveguides. The length of each
MSM photodiode is 23 pm, and the spacing between active photodiodes is 150 um. The maximum quantum efficiency of 43 %
is limited by the 50 Q-matched input termination assumption (50 % of photocurrent propagates in the opposite direction of the
light and is absorbed by the terminated input end) and the coupling loss between the active and passive waveguide regions. The
coupling efficiency from the lensed fiber is not taken into account in this simulation since it varies with different lensed fiber
tip design. The bandwidth of the VMDP with one MSM photodiode is basically the same as that of the conventional high speed
MSM photodetector,”® and can be as high as several hundred GHz, though the quantum efficiency is low because of the high

power design. The simulation results are shown in Figure 6.

50
[ 10 photodiodes
o\o 40 =
> 6 photodiodes
o
5 [ 4 photodiodes
‘G 30

20 |-

1 photodiodes
10 -

AC Quantum eff

o A ' I AT I W | A 2 M A A W |

1 10
Frequency (GHz)

100
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3. FABRICATION

Fabrication of the receiver started with a mesa isolation step. This was done by etching away the active photodiode layers from
the sample except the places where photodiodes are located. The mesa etching was performed in two steps. At first phosphoric
acid based etchant (H;PO,, H,O, and H,O in a ratio of 1:8:60) was used to remove the InAlAs barrier enhancement layer,
graded superlattice layers and half of the absorbing active InGaAs layer. The second phase of the mesa etching was performed
with a selective etchant with the same mask used in the first step. Citric acid and H,0O, were used in 1:2 ratio. The etchant
etches InGaAs active layer without etching InAlAs upper cladding II layer. We allowed the samples to remain in the solution
for extra 30 seconds to cause a mushroom like profile in the mesa structure. Waveguide etching was performed with a different
mask that protects the mesas and generates the waveguide patterns. We etched 0.1pum deep to fabricate a 3pm wide single
mode waveguide.

A thin PECVD Si;N, film of 1500A thickness was then deposited all over sample to achieve three purposes. First, it covers the
mesa walls and thus prevents the metal fingers from touching the InGaAs layer, which causes a very low Schottky barrier and
high dark currents. Second, it passivates the surface of the wafer and and protects it from the atmosphere. And finally the finger
tips of the MSM photodiodes and the CPW are placed op top of the dielectric layers so that soft breakdown can be prevented
and dark current contributions from the CPW can be eliminated.?’

Metal was deposited to make the MSM diodes over the top InAlAs layer of the structure. To ensure the continuity of the MSM
fingers over the 0.32 pm mesa height, we used a metal thickness of 0.22pm in the MSM fingers with a combination of 200A of
Ti and 2000A of Au. The fingers run all the way down to the CPW on the silicon nitride layer and makes Schottky contact with
the InAlAs barrier enhancement layer on top of the active mesas. O, RIE is used to remove all residual photoresist from the
exposed areas of the sample. Immediately before the metal evaporation, the sample is treated twice with 4% HF to make sure
that no oxide layer degrades the Schottky contact. The process was completed by the fabrication of a coplanar waveguide
(CPW) on top of the dielectric film layer. Gold was the major component of the interconnect metal although Ti was first used
for adhesion.

4. MEASUREMENTS
4.1. DC measurements

The device exhibits excellent electrical and optical characteristics. The dark current is measured to be 28 pA/cm? at 10 V bias;
the lowest reported for InAlAs/InGaAs MSM photodiodes (Figure 8-a). At the operating voltage of 4 V, the total dark current
of a balanced receiver with 5 pairs of photodiodes is 1.5 nA. A pair of lensed fibers was used to couple light into the
photodetector. The devices are usually biased at 4 V for quantum efficiency, frequency response, and saturation photocurrent
measurement. Since there is dielectric isolation between the semiconductor and the coplanar waveguide lines, the leakage
could be kept to a very low level.

By coupling light directly from a lensed fiber and testing 15 devices, the average DC responsivity was measured to be
0.45A/W at 8V bias. Higher responsivity such as 0.6A/W has been observed in some devices. The photo response of a laser
beam with TM polarization is measured to be ~1.7 dB higher than that of TE polarization. The coupling efficiency of the
lensed fibers in our setup was calculated to be ~50%. With antireflection (AR) coating to the balanced receiver facet (30%
Fresnel loss), the average responsivity can be increased to 0.64A/W. The responsivity can be further improved by optimizing
the coupling efficiency of the lensed fiber as well as reducing the coupling loss between the passive and active waveguide
regions by better control of the etching steps during the fabrication.

In section two, it was discussed how the VMDP based balanced receiver is likely to reach very high power level without losing
the bandwidth of individual photodiodes in the receiver. When a good waveguide distributes almost equal amount of optical
power to each photodiode, the saturation power is increased. Our receiver was found to be linear with a total DC photocurrent
of 12mA (Figure 7-b). Most of these photocurrents are generated in the first pair of photodiodes as the waveguide of our first
design has high optical loss between the waveguides and the active photodiode sections. We are currently working on the
optimization of the waveguide structure by using straight multimode waveguides.® A distributed balanced receiver with
optimized waveguides is likely to go above 100mA of photocurrent at very high bandwidths.
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Figure 7. (a) The dark current versus bias voltage for individual VMDP (one array of photodiodes) in the balanced detector. At the
operational bias (4 V), the dark current contribution from each MSM diode is ~0.15 nA. (b) DC photocurrent versus input optical power
(without AR coating). (b) The DC photocurrent remains linear up to 12 mA for each branch of the balanced receiver, which makes a total
linear photocurrent of 24mA.

All the characteristics of the photodiodes in our monolithic balanced detectors are identical. This resulted in a very good
common mode rejection ratio (CMRR). Very high CMRR (> 27 dB) is measured for a wide range of photocurrent from 30 nA
to 12 mA. Figure 8-a plots the CMRR of a typical VMDP in the balanced receiver.
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Figure 8. (a) Common mode rejection ratio (CMRR) versus photocurrent for the distributed balanced receiver. The high CMRR results from

the closely matched photodiode characteristics in our monolithic device. (b) Frequency response of the distributed balanced photodetector
illuminating only one waveguide at a time.
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4.2. RF measurements

4.2.1. Frequency response

The frequency response of the balanced VMDP was first characterized with light coupled to one waveguide only. Using the
optical heterodyne technique with two external cavity tunable semiconductor lasers at 1.55 pum, the 3-dB bandwidth was found
to be 16 GHz for both photodetector arrays. The frequency response of the microwave cable, splitter, amplifier, bias-T, and
probe are separately characterized up to 50 GHz by HP 8510C network analyzer. The overall and calibrated frequency response
is shown in Figure 8-b. The bandwidth is currently limited by the carrier transit time of the MSM photodiodes. Since the
bandwidth of our capacitance loaded CPW is much greater than 40 GHz, the bandwidth of the balanced VMDP can be
increased by scaling down the MSM photodiodes. Theoretical simulation indicates that bandwidth > 100 GHz is achievable.

4.2.2. Impedance of the microwave transmission line

A HP 8510C network analyzer was used to measure the characteristic impedance and the microwave return loss (S;;) of the
balanced receiver. Two-port measurement for transmission lines was employed. The probes and microwave connections on
both ports are calibrated using the standard calibration patterns for the picoprobes from GGB industry, including short, open,
and 50 Q-through transmission line. By measuring the reflection coefficient from one port, the impedance of the transmission
line can be determined. Figure 9 shows the measured S parameters of the receiver. The Sy, is below -30 dB from 45 MHz to 40
GHz, indicating that the impedance of the detector is very well matched to 50 Q. The loaded CPW has very low insertion loss.
The measured S;, shows a drop of only 0.6 dB from 45 MHz to 40 GHz.
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Figure 9. S,, measurement of the transmission line using HP 8510C network analyzer. The Smith chart in the inset generated by the
network analyzer shows the impedance matching to 50 Q.

4.3. Balanced detection experiment

Figure 10 depicts the experimental setup for balanced detection. A distributed feedback (DFB) laser with 1542-nm wavelength
and 0 dBm output power is employed as optical source. It is amplified by an EDFA and then filtered by an optical bandpass
filter with 2-nm bandwidth. The microwave signal was modulated onto the optical carrier by an X-coupled Mach-Zehnder
modulator (MZM), which produces two complimentary outputs for the balanced VMDP. The outputs are coupled to the
balanced VMDP by two lensed fibers. To maximize the signal enhancement and noise cancellation, it is important to match the
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amplitudes and phases of the two detected microwave signals. In our experiment, a variable attenuator was used to match the
amplitudes of the photocurrents.

@RF Input
> K an.
DFB EDFA _ Optical  X-Coupled
Laser Bafl':‘i‘"';ﬂss MZ Modulator
Variable
Bal g Delay Line
Spectrum RF alance
Analyzer Amplifier  VMDP
D

Figure 10. Experimental setup for balanced detection. The complimentary input signals are produced by the X-coupled MZ modulator.

Typical balance between the VMDP was within 2% of the total photocurrent reading. We also employed a variable optical
delay line to match the path lengths of both the MZM outputs that go to the receiver. For balanced detection, the RF signals
need to be exactly 180° out of phase. When path lengths are equal, the signals are always in 180° phase difference for all
microwave frequencies.

4.3.1. Balanced biasing

Balanced detection is achieved by applying a bias of 8 V between the two ground electrodes of the CPW. A custom-made
high-frequency probe with an integrated DC-blocking capacitor on one ground probe is used to collect the microwave output
signal. The DC photocurrents are measured through two ammeters: the difference photocurrent (ip;zr) is monitored through the
bias-T connected to the probe, and the common mode photocurrent (icoy) is monitored between the ground electrodes of the
CPW. Figure 11-a depicts the biasing circuit in balanced mode.

To verify the balanced detection, we modulated the optical input at 5 and 8 GHz and varied the delay of the fiber optic delay
line from O to 50 mm. Figure 12-b shows the detected RF signal versus the delay. When the received RF signals have a 0°
phase difference, the RF output is cancelled out in balanced mode. When the detected RF signals are 180° out of phase, the
small signal photocurrents from the two photodiode arrays are added in phase and maximum RF signal is observed. The
extinction ratio is more than 44 dB.
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Figure 11 (a) The biasing circuit for balanced detection. (b) The peak RF power detected in the balanced mode versus the time delay of one
input light. Periodic variation is observed. The period is measured to be 38.75 mm at 8 GHz RF signal, which is very close to the calculated
value. For the 5 GHz signal, period is ~60mm. The Extinction ratio is greater than 44 dB.
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4.3.2. Laser RIN suppression

One key advantage of the balanced photodetector is its ability to cancel out the laser RIN. To evaluate the cancellation ratio of
our device, we compare the noise spectra of a DFB laser measured by our photodetector in the unbalanced and the balanced
modes. The DFB laser operates in CW condition and has a RIN peak at 4.16 GHz. Figure 12-b shows the noise spectra
measured near its RIN peak when only one waveguide is illuminated. We confirm that the noise is dominated by the RIN of the
DFB laser and the EDFA added noise. When the optical input power is doubled, the noise floor increases by 6 dB. We then
biased the photodetector in the balanced mode and coupled the input to both the optical waveguides. The bottom trace in
Figure 12-a shows the noise spectra detected by the balanced detector. Suppression of the RIN by as much as 36 dB is
observed. The maximum suppression occurs at 4.16 GHz, at which frequency the RIN is dominant. By setting the path length
to equal value, we thus achieved broadband noise suppression with our device. Except at the relaxation oscillation frequency of
the laser at which the RIN is very high (4.16 GHz), the receiver suppresses noise by more than 36dB and reaches the calculated
shot noise floor.
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Figure 12. The noise spectra of a DFB laser measured by the distributed balanced photodetector in unbalanced mode (right trace) and
balanced mode (left trace). Other than some frequencies where RIN is very high, the receiver suppresses noise by more than 36dB and
reaches the shot noise floor.
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Figure 13. The RF spectra of the modulated signal detected in (a) unbalanced and (b) balanced mode. The peak of the balanced output is 6-
dB higher than that of the unbalanced signal. Noise suppression in excess of 24-dB is achieved.
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Figure 13 shows the RF spectra of the output from the balanced VMDP in the unbalanced (only one waveguide is illuminated)
and the balanced mode. Suppression of the noise floor by 24 dB has been observed in the balanced mode over a wide
frequency range from MHz to 15 GHz. This is equivalent to 27 dB improvement of noise if two outputs were considered. The
signal is also enhanced by 6 dB. Different magnitudes of noise suppression were observed over a wide frequency range up to
11 GHz. Figure 14-a plots the total amount of noise cancelled versus frequency. For the upper curve the DFB was biased at
23.1 mA and was found to have very high RIN noise (shown in Figure 12-b). The lower curve is for a bias of 31mA current.
In both cases the receiver reaches the calculated shot noise floor by canceling the RIN in the carrier.
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Figure 14. (a) Total amount of suppressed noise at different frequencies is plotted for two different DFB bias currents. In both cases, RIN is
suppressed below the shot noise floor. (b) Measured signal-to-noise ratio (SNR) of the balanced receiver. The data points in the lower half of
the graph shows the SNR for the receiver in unbalanced (single input) configuration.

4.3.3. Signal-to-noise ratio (SNR)

Figure 14 (b) shows the SNR of the link versus the received optical power for both the distributed balanced receiver and the
reference receiver with a single detector. The SNR for the single detector receiver is almost constant with increasing optical
power, indicating that the receiver noise is dominated by the RIN. In contrast, the SNR for the balanced receiver increases
monotonically with optical power upto 15 mW. For optical power greater than 15 mW, the SNR still increases monotonically
with optical power at a smaller rate. This suggests the presence of some residue RIN. Comparing the two receivers, it is also
noted that the SNR for the balanced receiver is 23 dB higher than that of a single detector receiver.

4.3.4. Tolerance in phase matching

The RF signals detected by the balanced detector should be exactly at 180° out of phase for optimum noise suppression. This
requires the lengths of the fiber from the complimentary MZM to the detector to be exactly the same in length. In practical
applications, the optical path length will drift slightly due to environmental changes and it is important to understand the
impact of phase mismatch. We intentionally allowed the signals to have different phase differences and investigated the
magnitude noise suppression and signal peak variations. The measured data shows that even with a phase variation of 100°, our
device can suppress more than 9 dB of RIN noise whereas the signal peak reduction was less than 4 dB.3' As balanced detector
amplifies the RF signal by 6dB, with a phase deviation of 100°, the signal is still higher than that of an unbalanced detector. For
the RF signal at 6.5 GHz, 100° phase variation between two fibers corresponds to ~8.5mm of fiber length.
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5. CONCLUSION

We have successfully designed, fabricated, and experimentally demonstrated a balanced velocity-matched distributed
photodetector (VMDP) with both impedance and velocity matching. The velocity matching between the incident optical wave
and the output microwave signal allows the detector length and effective absorption volume to increase without penalizing the
bandwidth. Therefore, high saturation power and high speed are achieved simultaneously. The device exhibits a very low dark
current (1.5 nA for the balanced VMDP with 5 pairs of photodiodes) and a high external quantum efficiency (0.64 A/W). The
relative intensity noise (RIN) of a semiconductor distributed feedback laser has been suppressed by 24 dB, and the RF signal
has been enhanced by 6 dB.

Our future works includes deep waveguide etching to efficiently guide the input light in the waveguide and effectively
distribute light to all the photodiodes in the receiver. This is expected to improve the DC and AC linearity at high photocurrent
levels. In the long run, we plan to test the performance of the high power balanced receiver in various potential fiber optic
systems.
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