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Abstract—A novel velocity-matched distributed balanced pho-
todetector with a 5042 coplanar waveguide output transmission
line has been experimentally demonstrated in the InP/InGaAs
material system. Distributed absorption and velocity matching
are employed to increase the saturation photocurrent. A common-
mode rejection ratio greater than 27 dB has been achieved. The
radio-frequency (RF) link experiment conducted at 4.16 GHz
shows that the relative intensity noise of the laser has been sup-
pressed by more than 24 dB and shot-noise limited performance
has been achieved. Significant improvement of signal-to-noise
ratio has been observed over a wide range of frequencies and
phase mismatch of input RF signals. Optical Input  waveguide

Microwave Output Velocity-matched

Index Terms—Analog fiber-optic links, balanced photodetec- Fig. 1. Principle and schematic structure of the distributed balanced PD. The
tors, microwave photonics, noise suppression, optical receivers, inset shows the active region with an MSM photodiode.
RF photonics.

hybrid detector arrays [8]. Previously, we have reported a
|. INTRODUCTION velocity-matched distributed photodetector (VMDP) with a

ALANCED photodetectors (PD'’s) play a very importanPeak saturation photocurrent of 56 mA and a 3-dB bandwidth
B role in a high-performance radio-frequency (RF) photonf&f 49 GHz [9]. Recently, an InP-based long v_vavelength VMDP
system because they can suppress laser relative intensity nBR2 @ls0 been reported [10]. Compared with other PD struc-
(RIN) and amplified spontaneous emission noise (ASE) frofres. the VMDP is more suitable for implementing balanced
erbium-doped fiber amplifiers (EDFA’s) [1]. When used ifphotodetection since it has separate optical and microwave
conjunction with an external modulator with Cc,mp|emen\4vaveguides. In this paper, we propose and demonstrate a novel
tary outputs, shot noise-limited system performance can gwnolithic distributed balanced PD that can simultaneously
achieved. We can continue to improve the noise figure afghieve high-saturation photocurrent and large bandwidth. A
spurious-free dynamic range (SFDR) of externally modulat&@mmon-mode rejection ratio (CMRR) of 27 dB and a noise
links by increasing the power of the optical carrier. TheréUPPression of 24 dB have been experimentally demonstrated.
fore, balanced PD’s with broad bandwidth and high-saturation
photocurrents are particularly important for analog fiber-optic- [l. DESIGN AND FABRICATION

link applications. ThOUgh discrete balanced PD’s with hlgh' F|g 1 depicts the princip|e and schematic structure
saturation power have been reported, their bandwidth is limitggl the distributed balanced PD, which consists of two
[2]. Monolithically integrated balanced PD’s offer superiojnput optical waveguides, two arrays of high-speed
performance (broader bandwidth, better matching of phgetal-semiconductor—metal (MSM) photodiodes distributed
todiodes) and reduced packaging cost. However, most fbng the optical waveguides, and a @Goplanar waveguide
the reported integrated balanced receivers suffer from loycpw) output transmission line. The detector operates in
saturation power and are not suitable for analog links [3]-[S}alanced mode when a voltage bias is applied between the
There have been several publications aimed at simulta®go ground electrodes of the CPW. The common-mode
ously achieving high power and high bandwidths in PD’'ghotocurrent flows directly to the bottom ground electrode,
using waveguide [6], traveling wave [7], and traveling-waveghile the difference photocurrent (signal) flows to the center

_ _ _ _conductor. The signal is then collected by the CPW. The
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velocity in the optical waveguide. The photodiode arrays 1ge9 0.6

provide periodic capacitance loading to slow down the (4v,0.15nA) ;

microwave velocity. By adjusting the length and separation

of photodiodes, velocity matching between the CPW and, ie-10

optical waveguides is achieved. The impedance of the cP\B

is also matched to 50. %
We designed the distributed balanced PD to inherit the basig &

advantages of the VMDP, namely, high-saturation photocur

rent, high quantum efficiency, and large bandwidth. Although3

only the difference current (ac signal) is collected in the¥ 1E12

balanced PD, the PD’s still have to absorb the dc light. AS

a result, high dc saturation photocurrent is required for the

distributed balanced PD’s. The photodiodes are designed to 1E-13

o
w
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operate below saturation under high optical input by coupling Voltage (V)
only a small fraction of light from the passive waveguide to

each individual photodiode. Though longer absorption |englﬁig. 2. The dark current (left) and dc responsivity (right) versus bias voltage

0.0
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. . . . . . for individual VMDP (one array of photodiodes) in the balanced detector. At
is required in order to attain high power, the bandwidth qﬁe operational bias (4 V), the dark current is 0.15 nA.

the distributed balanced PD remains high because of velocity

matching. The linearity of the detector is also improved by digmalysis was performed to verify the design. We found that the
tributed absorption because the photo-generated carrier dengif¥si-static results agree very well with the full-wave analysis
is reduced in the active region. Though MSM photodiodes af& frequencies below 100 GHz. The period in our device
used in our experiment, the concept presented in this papggfresponds to a cutoff frequency of 300 GHz, well above our
is applicable to distributed balanced PD’s using p-i-n or othgkpected frequency of operation. Therefore, the dispersion due
vertical transport PD’s whose linearity is inherently better dug the periodicity of the structure is negligible for frequencies
to their uniform electric field distribution. below 100 GHz [14].
, ) By etching the InGaAs layer, except in the active areas

A. Optical Waveguide of the photodiodes, the mesas were patterned on the wafer

The optical waveguide consists of the following: &tructure. Ridge waveguides with 100-nm ridge height were
200-nm-thick 1 52Al0.37Ga.11As lower cladding layer, a formed by wet chemical etching. The active regions of the
500-nm-thick IRy 52Al0.178Ga 302AS core region, a 200-nm- photodiodes were defined by opening 36 23-um? win-
thick Ing 52Al.37Gay 11As first upper cladding layer, and adows on a 150-nm-thick silicon—nitride ¢Bi4) film deposited
thin Ing 52Alo.43As second upper cladding layer. The 150-nnpy plasma-enhanced chemical vapor deposition (PECVD).
thick absorption region is located on top of the waveguidBuffered HF was used to open the windows. The Ti-Au
for evanescent coupling. Since the Schottky barrier height @fectrodes and contact pads were then delineated by standard
most metals on InGaAs is typically between 0.2-0.3 eV, afft-off process. The tips of the MSM fingers are placed on top
Ino.52Al0.4sAs cap layer is used to increase the Schottkyf the SN, to suppress soft breakdown and enable the MSM
barrier height and, therefore, reduce the dark current @ibdes to operate over a wider range of bias voltages [16]. A
the photodiodes [11]. A graded layer is incorporated in thfiick CPW was formed by standard liftoff process to connect
structure to reduce the minority carrier trapping at the InAlAshe distributed balanced PD’s. Finally, the balanced detector
InGaAs band edge discontinuity. A scalar three-dimensiongtucture is lapped down to 150n, cleaved, and mounted on
beam propagation method (BPM) was used to simulate tbépper heat sinks. By measuring the forward current-voltage
optical properties of the balanced VMDP. Since the two opticgharacteristics, the barrier height of the metal-semiconductor
waveguides are 14@m apart, no optical coupling betweenjunction was estimated to be 0.57 eV.
the waveguides is expected. This is also confirmed by the

BPM simulation. I1l. EXPERIMENTAL RESULTS
. ) o . The balanced VMDP exhibits very good electrical and
B. Modeling of Microwave Transmission Line optical characteristics. The dark current is measured to

The impedance and the phase velocity of the CPW ape 28uA/cm? at 10 V bias, the lowest reported for
calculated using the equivalent-circuit model described in [12hAIAs/InGaAs MSM photodiodes (Fig. 2). At an operating
The length of the photodiodes and the separation betwesitage of 4 V, the total dark current of a balanced receiver
them are adjusted to achieve simultaneous velocity matchiwgh five pairs of photodiodes is 1.5 nA. We used a pair of
and impedance matching. Since the separation between ldresed fibers to couple light into the PD. Fig. 2 also shows
central conductor and the ground electrodesy(88 are much the measured dc responsivity of the PD as a function of bias
smaller than the wavelength of the RF signal (about twwltage. The average dc responsivity was measured to be 0.45
orders of magnitude smaller at 50 GHz), quasi-static analysisNAN at 8-V bias. Responsivity as high as 0.6 A/W has been
reasonably accurate [13]. The capacitors and resistors of eabserved in some devices. The photo response to a laser beam
photodiode are considered lumped elements in our quasi-statith TM polarization is measured to bel.7 dB higher than
simulation. After optimizing the receiver structure, a full-wavéhat of TE polarization. With antireflection coating, the average
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Fig. 3. DC photocurrent versus input optical power (without antireflection 90 5 10 15 20 25

coating). The dc photocurrent remains linear up to 12 mA.

Frequency (GHz)

o ) _ Fig. 4. Frequency response of the distributed balanced PD illuminating only
responsivity can be increased to 0.64 A/W. The responsiviiye waveguide at a time.

can be further improved by optimizing the coupling efficiency
of the lensed fiber, as well as reducing the coupling loss

. . . . RF 1
between the passive and active waveguide regions by better newt
control of the etching steps during fabrication. =5 _
At 8 V, bias of the dc photocurrent is linear up to 12 mA on Laser ~ EDFA Ba?\:g:t'r??;s ns Soupled

each branch of the receiver (Fig. 3). Nonlinearity is observed et
at higher photocurrent. At 19 mA of photocurrent, degradation pariable
of dark current is observed. The damage was mainly caused Spectrum RF Balanced

. . . - . : Analyzer ~ Amplifier VMDP
by localized high temperature in the device active region [16]. Ij@
Detailed analysis of our current structure shows that significant —

optical scattering loss occurs at the transition between the pas- _ _ , ,

h . . . . . ig. 5. Experimental setup for balanced detection. The complimentary input
sive opncal Wavggglde and active photophode region due 10 Y&hals are produced by thE-coupled MZ modulator.
large discontinuity in waveguide and active region mesa width.
We are .currentlly working ona VMDP with uniform vv_avegmde Capacitor for
and active-region mesa width to reduce the scattering loss and Balanced"Biasing
achieve more uniform distribution of photocurrent. — il

An HP 8510C network analyzer was used to measure the A2

microwave characteristics of the balanced receiver without g =, .-
input light. The device used for microwave measurement had 9:, N 5¢
a length of 2 mm with 12 pairs of photodiodes. Detailed 2 mp, =5
measurement results have been presented in [17]. The mea- G -~

sured characteristic impedance of the receiver iX5®ith
a variation of less than 3%. Th#&,;-parameter is below .

—30 dB from 45 MHz to 40 GHz. The&»-parameter shows

a maximum drop of only 0.6 dB in the same frequency rang@g- 8- The biasing circuit for balanced detection.

indicating that the attenuation of the photocurrent will be less

than 0.6 dB since it is generated inside the structure. X-coupled Mach—Zehnder modulator (MZM), which produces

The frequency response of the receiver was measuredtiwp complimentary outputs. The outputs are coupled to the
coupling light to only one waveguide at a time. Fig. 4 showsalanced VMDP by two lensed fibers. To maximize the signal
the frequency response of the PD. Using the optical heteerhancement and noise cancellation, it is important to match
dyne technique with two external-cavity tunable semicondutiie amplitudes and phases of the two detected microwave
tor lasers at 1.55:m, the 3-dB bandwidth was found to besignals. In our experiment, a variable attenuator was used to
16 GHz for both PD arrays. The bandwidth is currently limitechatch the amplitudes of the photocurrents. Typical balance
by the carrier transit time of the MSM photodiodes. Since thgas within 2% of the balanced VMDP total photocurrent. We
bandwidth of our capacitance loaded CPW is much greatdso employed a variable optical delay line to match the fiber
than 40 GHz, the bandwidth of the balanced VMDP can bBengths from the MZM to the balanced receiver to ensure 180
increased by scaling down the MSM photodiodes. phase difference in the RF signals.

The experimental setup for balanced detection is shownBalanced detection is achieved by applying a bias of 8 V
in Fig. 5. A distributed feedback (DFB) laser with 1542-nnbetween the two ground electrodes of the CPW. A custom-
wavelength and 0-dBm output power is employed as tmeade high-frequency probe with an integrated dc-blocking
optical source. It is amplified by an EDFA and then filteredapacitor on one ground probe is used to collect the microwave
by an optical bandpass filter with 2-nm bandwidth. Theutput signal. Fig. 6 shows the biasing scheme. We verified
microwave signal was modulated onto the optical carrier by &#alanced detection by tuning a delay line [17]. We obtained an
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Fig. 7. CMRR versus photocurrent for the distributed balanced receiver. The
high CMRR results from the closely matched photodiode characteristics in
our monolithic device.
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Fig. 8. The noise spectra of a DFB laser measured by the distributed START 4. 159736GHz STOP 4.161448GHz
balanced PD in unbalanced mode (top trace) and balanced mode (bottomRBW 18kHz *UBW 30@Hz SWP 1.5B8sec
trace). Other than some frequencies where RIN is very high, the receiver (b)

suppresses noise below the shot noise floor. Measurements are done with a ) )
photocurrent of 4.2 mA. Fig. 9. The RF spectra of the modulated signal detected in (a) unbalanced

and (b) balanced modes. The peak of the balanced output is 6 dB higher
than that of the unbalanced signal. Noise suppression in excess of 24 dB is

extinction ratio of more than 44 dB between phase differeng%hieved'

of 0° and 180.

We measured the dc photocurrents with two curreig illuminated. We confirm that the noise is dominated by
monitors (Keithley Picoammeter): the difference photocurretite RIN of the DFB laser. When the optical input power is
(¢iprrr) is monitored through the bias-T connected tdoubled, the noise floor increases by 6 dB. We then biased
the probe, and the common-mode photocurreaiof;) is the PD in the balanced mode and coupled the input to both
monitored between the ground electrodes of the CPW. Figth®e optical waveguides. The bottom trace in Fig. 8 shows the
shows the CMRR, defined 88V [RR = 20-log(icom/ipIrr), Noise spectra detected by the balanced detector. Suppression
as a function of the total photocurrent. Very high CMRRf RIN by as much as 36 dB is observed at the frequencies
(>27 dB) is measured for a wide range of photocurrent froof highest RIN. Due to equal fiber lengths for both inputs,
30 nA to 12 mA. Similar magnitude of CMRR was alsainiform noise cancellation is achieved for all the frequencies.
measured for a wide frequency range. This is attributed toFig. 9 shows the RF spectra of the output from the balanced
the well-matched characteristics of the photodiodes in oMMDP in the unbalanced (only one waveguide is illuminated)
monolithic balanced detectors. and balanced mode. Suppression of the noise floor by 24 dB

One key advantage of the balanced PD is its ability to candels been achieved in the balanced mode. The signal is also
out the laser RIN. To evaluate the cancellation ratio of o@nhanced by 6 dB. Different magnitudes of noise suppression
device, we compare the noise spectra of a DFB laser measunenle observed over a wide frequency range up to 11 GHz.
by our PD in the unbalanced and balanced modes. The DFRj. 10 plots the total amount of noise cancelled versus
laser operates in continuous wave (CW) condition and hadraquency. For the upper curve, the DFB was biased at 23.1
RIN peak at 4.16 GHz. The top trace in Fig. 8 shows the noiseA and was found to have very high RIN noise (shown in
spectra measured near its RIN peak when only one wavegukdg. 8). The lower curve is for a bias of 31-mA current. In both
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plotted for two different DFB bias currents. In both cases, RIN is suppress

d .
below the shot noise floor. Elg. 12. Measured SNR of the balanced receiver. The lower curve shows

the SNR for the receiver in an unbalanced configuration.
Length Mismatch (mm)
2 4 5 8 v by the RIN (Fig. 12). In contrast, the SNR for the balanced
receiver increases monotonically with optical power up to 15
dBm. For optical power greater than 15 dBm, the SNR still
Noise suppression increases monotonically with optical power at a smaller rate.
This suggests the presence of some residual RIN. Comparing
the two receivers, it is also noted that the SNR for the balanced
receiver is 23 dB higher than the single detector receiver.
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IV. CONCLUSION

We have successfully designed, fabricated, and experimen-
Relative signal peak tally demonstrated a balanced VMDP with both impedance and
8F velocity matching. The device exhibits a very low dark current
180 200 220 240 260 280 (1.5 nA for the balanced VMDP with five pairs of photodiodes)
Phase Difference (Degrees) and a high external quantum efficiency (0.60 A/W). The
Fi . . . ioRIN of a semiconductor distributed feedback laser has been
ig. 11. Total amount of noise suppression and the deviation of the signal .
peak versus phase deviation of the RF signal from°18y¥en with a phase suppressed by 24 dB, and the RF signal has been enhanced by
variation of 100, the receiver can suppress more than 16 dB of RIN nois§ dB. Significant improvement in SNR has been observed over

whereas the signal peak reduction is less than 4 dB. a broad frequency range. The experimental results indicate that

cases, the receiver reaches the shot noise floor by cancelfffydistributed balanced PD will have a major impact on most
the RIN in the carrier. RF photonic systems.
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