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Optical Heterodyne Millimeter-Wave Generation
Using 1.55xm Traveling-Wave Photodetectors

Andreas StéhrMember, IEEERobert Heinzelmann, Andrei Malcoci, and Dieter Jagetlow, IEEE

Abstract—Optical heterodyne millimeter-wave generation electrical mm-wave output
using traveling-wave photodetectors (TW-PDs) is examined both
experimentally and theoretically. Ultrahigh-frequency InP-based
1.55um TW-PDs were fabricated and employed in an experi-
mental setup for optical heterodyning. For the first time, optical
heterodyne millimeter-wave generation in excess of 160 GHz is
experimentally demonstrated in frequency domain. The maximum
electrical power delivered by the TW-PD to a 5052 impedance
is —11.5 dBm at 110 GHz with a polarization penalty of only
1.3 dB. Furthermore, a theoretical analysis in frequency domain is
presented describing the frequency response of TW-PD including
effects of the photogenerated carrier dynamics as well as optical
and electrical wave propagation phenomena. A broad-band and
flat frequency response is found indicating a total rolloff of about
13.1 dB for a frequency span from 25 GHz to 200 GHz. Finally, the Fig- 1. Schematic diagram of the fabricated 1,58 TW-PD.
detectors responsivity is theoretically investigated to differentiate

between the physical phenomena associated with high-frequency . i
limitations. To date, there have been just a few experimental reports

on ultrahigh-frequency 1.5pm photodetectors for optical
Index Terms—Ltight polarization, microwave photonics, mil- 9 d y hm p b

limeter wave generation, optical heterodyne, photodetector, p-i-n heterodyne_mllllmeter-wave generat_lon. In general, the fab-
photodiodes, semiconductor device modeling. ricated devices can be separated into lumped [5], [6] and

distributed detectors [7]-[9]. Among the lumped elements the
uni-traveling-carrier (UTC) detectors are the most promising
|. INTRODUCTION approach and UTC detectors have been reported for contin-
PTICAL HETERODYNE generation of high-poweruous wave (CW) optical heterodyne frequency generation
millimeter- and submillimeter-wave signals using ultraup to 120 GHz [6]. In [8], a cascaded velocity matched
high-frequency photodetectors is a promising technique f&r55:m detector forW-band operation up to 105 GHz is
radio astronomy and wireless broad-band communicatiofigported and we demonstrated broad-band optical heterodyne
From firstideas and concepts, published about 20 years ago [jllimeter-wave generation up 110 GHz using a 1;58-
an enormous progress has been made up to now. Especialljiaieling-wave photodetector (TW-PD) [9]. This paper reports
the last few years this progress has significantly been pusHtl the fabrication and experimental verification of an ultra-
from the application side, i.e., from interest in developing sy#igh-frequency 160 GHz) 1.55xm TW-PD for high-power
tems such as large (sub)millimeter-wave antenna arrays [2]reilimeter-wave generation. Optical saturation effects as well
millimeter-wave fiber-radio systems [3], [4]. In such system@&s the polarization dependence of the detector are experi-
high-frequency (sub)millimeter-wave local oscillator (LO) sigmentally investigated. Furthermore, a theoretical analysis is
nals must be distributed to remote antenna stations. Since thigfiesented describing the frequency response of the fabricated
not feasible by electrical means due to the high propagation Id84/-PD including dynamic effects of the photogenerated
of electrical waveguides at (sub)millimeter-wave frequenciegrrier as well as wave propagation phenomena.
so-called “photonic LOs” are required. The preferred operation
wavelength of such a photonic LO was found to be within the
1.554:m window due to the minimum transmission loss of the . TW-PD

optical fiber and the availability of high-power erbium-doped :
fiber amplifiers, tunable laser diodes and other required fiberA sketch of the 50«m-long TW-PD for optical heterodyne

components [2] millimeter-wave generation investigated in this paper is shown
P ’ in Fig. 1. The detector consists of an optical channel wave-
guide and an electrical transmission line. The optical heterodyne
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Fig. 2. Detailed cross section of the fabricated TW-PD.

a nonRCtime limited response exhibiting superior high-fre€onsists of a self aligned etching process and two metallization

quency performances which has been recently demonstratedst&ps for the p- and n-type ohmic contacts. At first e-beam

perimentally [7]-[9]. evaporation of the p-type TiPtAu center contact is performed
A cross section including the relevant geometrical paramehich is also used as a mask for the subsequent etching pro-

ters of the TW-PD investigated in this paper is shown in Fig. 2esses of the waveguide mesa. Selective wet-chemical etching

The waveguide structure was grown on InP:S substrate dfthe contact layer, the top cladding and the optical waveguide

metalorganic vapor phase epitaxy. The optical core is embeddedion is performed followed by the GePtAu metallization to

in the intrinsic region of a p-i-n diode. The absorptive region dbrm the n-type ground contact of the electrical waveguide.

the optical core consists of a multiple-quantum-well (MQW)

section. A small strain is applied to the wells and the barriers I1l. OPTICAL HETERODYNE MEASUREMENTS

of the MQW section to reduce the splitting of the valence band . .
degeneracy resulting in identical electroabsorption propertiesThe frequency response of the fabricated TW-PD s char-

: : cterized using an experimental setup for optical heterodyning
for both the TM and TE modes. This way, the waveguide cofes :
of the TW-PD exhibits a polarization insensitive absorptio ith two 1.55um CW laser diodes. The beat frequenfey. of

coefficient at 1.55zm wavelength. In detail, the waveguide e generated RF signal can be tuned by varying the wavelength

core mainly consists of ten periods of 10-nm 0.3% tensi%f the first laser.uneq While keeping the wavelengthy, of the

strained InGaAs QWSs separated by 9-nm-thick 0.2% Corﬁgcond laser fixed
pressively strained 1.1pm InGaAsP barriers. To increase 1 1
fiber-to-chip coupling efficiency the overall thickness of the frr=c- <)\_0 - /\tlmed> :
optical core is increased by transparent 1.d®-quaternary
InGaAsP layers adjacent to the MQW-region. The waveguide schematic of the experimental setup can be found in [9].
cladding layers consist of p- and n-doped InP together with ®e linear polarized optical output signals of two free-running
nm of nonintentionally doped InP layers adjacent to the corexternal cavity laser diodes are combined using a 3-dB optical
The undoped InP sections prevent diffusion of the dopants irtoupler. The polarization state of both lasers is adjusted to each
the waveguide core and therefore increase the total thicknesiser by tuning the polarization state of the tuned laser using a
of the intrinsic region tal; = 409 nm. On top of the upper polarization controller. The combined optical heterodyne signal
cladding a thin p-doped lattice matched InGaAs contact layisr amplified by a high-power erbium-doped fiber amplifier
finalizes the optical waveguide structure. (EDFA). A variable optical attenuator is employed for per-
The technological realization of the optical waveguidéorming power dependent measurements. A second polarization
together with the hybrid microstrip/coplanar transmission lingontroller is used to adjust the input polarization heterodyne

1)
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Fig. 3. Broad-bands,- to G-band millimeter-wave generation using the o o
TW-PD. The associated frequency bands of the applied coplanar probes Bis4- Generated millimeter-wave power at 110 GHz versus the optical input
mixers are shown. power.

optical signal to determine the polarization dependence ¢ % ' ‘ ' ’

the RF output signal. Optical input power to the TW-PD is f=132GHz
monitored by coupling 5% of the optical heterodyne signal tc P,,=16dBm
a dual-purpose optical spectrum analyzer/power meter. Trg
TW-PD is reverse biased using a dc voltage source with interni=
current monitoring. A cleaved optical single mode fiber is usec &
for fiber-to-chip coupling. For on-wafer measurements ove@ .
the wide frequency span up to 160 GHz different calibrate(,c;L 3ok J
coplanar probes are used. For frequencies up to 50 GHz tt ©
generated electrical power is directly measured using a mi
limeter-wave spectrum analyzer. Measurements at frequenci
within the /-, W-, I'-; and G-bands are performed utilizing 35 ‘ : . . 0
the calibrated external mixers. reverse bias (V)
The active waveguide section of the TW-PD investigated in
this work was 50=m long with a width of 6 zm. The device Fig. 5. Generated millimeter-wave power at 132 GHz versus the applied
exhibits a dc responsivity of 0.2 A/W at a reverse bias of 7 V ariéverse bias.
a maximum breakdown voltage in excess of 9 V. Frequency re-
sponse measurements were performed keeping a fixed optmatical input power. At electrical power levels in excess of
wavelength of 1.54:m, while tuning the other laser toward—13-dBm saturation effects can be observed.
larger wavelengths. A reverse bias of 7 V was applied to theThe power conversion efficiency of the investigated TW-PD
TW-PD and the overall optical input power was settb5 dBm is bias dependent as can be seen from Fig. 5. Here, the mea-
(+12 dBm per carrier). sured millimeter-wave power at a beat frequency of 132 GHz
The measured frequency response from 25 GHz to 160 GKzshown versus the applied reverse bias. Clearly, the generated
is shown in Fig. 3. As can be seen, a flat and broad-band frgswer gets smaller if the reverse bias is reduced below 4 V. Pre-
guency response is achieved with a total signal rolloff from 2Bous experiments have already shown that the nonlinear satura-
to 160 GHz of about 10 dB. To our knowledge, this is the firgton behavior of ultrahigh frequency p-i-n photodetectors under
time optical heterodyne CW millimeter-wave generation usirtggh power illumination can be overcome by applying a large
a photodetector is demonstrated up to 160 GHz. The differemternal bias [8]-[10]. Physically, the nonlinear power depen-
physical phenomena contributing to the overall rolloff of theence is mainly attributed to a reduced carrier velocity in the in-
TW-PD are discussed in detail in Section IV. trinsic waveguide core of the detector. The photogenerated car-
In Fig. 4, the measured millimeter-wave output power atréers induce a space charge field reducing or even screening out
beat frequency of 110 GHz is plotted versus the optical inptite applied bias field at low biases and thus resulting in a sig-
power. A maximum millimeter-wave power level 6fL1.5 dBm nificantly reduced carrier velocity [10]. According to equations
is achieved representing the highest millimeter-wave powgiven in [1], the generated space charge field in the investigated
level ever reported for 1.5pm waveguide photodetectors.TW-PD can be estimated to be in the order of 20—-30 kV/cm.
Furthermore, it should be noted that the power delivered Tdwus, for reverse voltages below 4 V the space charge field
the 5092 probe is measured. The total power generated by thereens out the applied bias field leading to saturation effects
TW-PD is about 8 dB larger as will be explained in the nexdue to reduced electron and hole velocities.
section. No saturation effects are observed up to electricaFinally, the dependence of the conversion efficiency was
power levels of—13 dBm where electrical millimeter-waveinvestigated. For this purpose the polarization angle of the
power exhibits the expected quadratic dependence on timear polarized input signal was rotated using a halfwave plate

25+ . b hd b 4
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-20 ' ' ' ' hybrid coplanar/microstrip transmission line of the TW-PD are

f=132GHz ] included in the TLM model. To verify the reliability of the de-
-22F  P,=16dBm 8 veloped model, the theoretical calculations are compared with
V=7V the experimental results and the limiting contributions of the dif-
24t l i ferent physical effects are identified.

T R BN Fundamentally, the photogenerated carrier transport in the
‘et Tt TW-PD waveguide structure is described by the continuity
equation. By neglecting the transversal carrier transport and
assuming harmonic time dependence, the one-dimensional
(1-D) complex continuity equations for the electron and hole
densitiesn(x) andp(z) are given by

-26 T
1.3dB polarization penalty

output power (dBm)

28 4
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Fig. 6. Generated millimeter-wave power at 132 GHz versus the polarization 52 5 ( )
angle. .
Jw-p(z) =Dp- ﬁp(x) T b [P(x) 'Up(x)] - R.+ Ge.
inside the second polarization controller. In Fig. 6 the measured 3

millimeter-wave power at a be_at _frequency of 132 GHz The first term in the continuity equations describes the carrier
shown versus the relative polarization angle of the heterodyn% . . e i
Iffusion with the electron and hole diffusion constants repre

signal. As can be seen, the maximum polarization pena e .
is only 1.3 dB, which can be attributed to the polarizatioﬁgmed byD,, andD,,. These diffusion constants are functions of

insensitive desian of the absorotion region by usin Straincgrriervelocity and electric field and it has been shown [10], that
: gn ¢ ! P 9 y 9 fi%e carrier diffusion constants get very small in value for high
QWs as discussed in Section Il.

electric fields in excess of 20 kV/cm. Assuming that the typical
thickness of a high-frequency p-i-n detector is well beloywrh
and assuming further that a reverse voltage of a few volts is ap-
In order to further improve the design of the TW-PD with replied, strong electric fields well above 20 kV/cm occur. Thus,
spect to higher frequencies it is inevitable to identify the relevafgr calculating the photogenerated current we can neglect carrier
physical effects limiting the frequency response of the TW-P8iffusion in the intrinsic region of the reverse biased TW-PD.
and to study the impact of design variations on the detector pFhe second term in (2) and (3) describes the carrier drift in the
formance. For this purpose a theoretical analysis is developeghiesence of an electric field with, () andv,(x) representing
the following including all relevant phenomena of the photogetthe electron and hole velocity, respectively. The carrier recom-
erated carriers together with optical and electrical wave profsination rate represented 3. can also be neglected for our
gation effects. Recently, several groups reported on theoretipatposes, since the carrier lifetime in InGaAsP strained MQWSs
studies on the high-frequency and high-current limitations & in the order of a few nanoseconds [13] which is about three
TW-PD. A time domain model describing the picosecond pulsgders of magnitude larger than the average transit time of the
response of a TW-PD has been reported in [11]. A first amvestigated structure. The last te#, representing the carrier
alytical description of a TW-PD in frequency domain can bgeneration rate, is a function of the optical intensity at any point
found in [1]. This model describes the photogenerated curreribng the detector and it can be determined to be
source per unit length and also includes wave propagation ef-

IV. THEORETICAL ANALYSIS

fects. However, this work did not consider velocity mismatch Ge = Go - exp(—opt - 2) )
effects. Furthermore, the limitation due to the transit time wagth
reduced to a single time constant similar to [5]. Other groups \
. . . _n
employed frequency domain models using a frequency inde- Go = o Cert “Lopt- (5)

pendent distributed current source per unit length inside the o _

electrical transmission line [12]. Our model uses a quasi-stafi€ren denotes the external quantum efficiengy,; is the com-
equivalent circuit for the electrical transmission line with a di?!€X Propagation constant of the optical heterodyne input signal
tributed current source which is more accurately described as 8%l Zop: represents the optical intensity. It should be noted that
dynamics of the photogenerated carriers are considered. At fif8€ carrier generation rate is a function of the longitudinal coor-
a theoretical analysis based upon the carrier continuity eqéiatez due to the optical wave propagation determined by the
tions is used to describe the frequency dependent distribuf&@inPlex heterodyne optical propagation constapt.

photo current generated at any point along the detector. Thisl he electron and hole current densities can be calculated from
current includes the intrins.ic effects such as the t_ransit time lim- Jn(@) = —q - vp(x) - n(z) (6)
itation due to the propagation through the intrinsic layers. Next, I (2) = —q-v,(2) - plx) %)

a model based upon the transmission line method (TLM) is used I 4 Up\T) - PR
in order to describe the contribution of the distributed photo curlere we assume that electrons and holes in the intrinsic region
rentto the total electrical power delivered to the load impedandsavel at constant saturation velocity andw,, an assumption
Limiting effects due to the electrical wave propagation along tmeglecting carrier escape times which is valid and appropriate
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@ b) capacitance and the conductance of the intrinsic core layer per
unit length. The air capacitance which is typically very small in
Fig.7. Quasi-static equivalenttransmission line circuit for unit length TW-PQ/ame is neglected By transforming the current SOV]’I’(CZQ we

) ) ) __can convert the equivalent circuit into a form where the active
for reverse biased TW-PDs with strong internal electric fieldgyrrent source is in parallel to the completely passive electrical

Although ther_e exis_ts some unqertainty about the absolute Cmsmission line of unit length represented by its characteristic

mental investigations have been published demonstrating thghsformed current sourag(z) and the relevant microwave
the carrier escape times drastically decrease with the bias figlgperties of the TW-PD we obtain

indicating that carrier escape times for strong reverse-biased

Fig. 8. TLM model describing the distributed current generation along the
TW-PD.

g
structures are below 1 ps [16], [17]. in(z) = - f (Z)b —
By solving the differential equations (2) and (3) for the in- I+ R -G +jw- G - R
vestigated TW-PD structure (see Fig. 2) the electron and hole =g - €xp(—Yopt - 2), 9)
carrier densities are found. Substituting this result into (6) and o I
(7), we gain the total photo current per unit length generated at 7, — g +wa i - (10)
any pointz along the TW-PD Gi+jw- G
1+ R, -Gl + jw-C!- R,
grN w q - Go - exp(—TYopt - 2)
Z(J_d<+d<+%' Jw G+ jw-Cl
n P . i TW - i
_ o, v, . do - Vel = (R’—i—jcu-L’)-(l = G/J - y /).
vp | — —do— — rexp|—jw- — + R, -G+ jw-Cp - R,
Jw Jw Un (11)
Up Up . dy I I
+vp o do — P WA The contribution of the distributed photogenerated current
J J P ip(2) at any point of the detector to the overall current prop-
+u _<eXp <—jw ) @) _ 1) agating along the transmission line can be described by the
" n 8 transmission line model (TLM) as shown in Fig. 8. Hefg
U Un i - (8) represents the impedance at the input port Zpds the load
’ <_ - T OXP <_1‘“ )) impedance of the coplanar probes at the output port. In order to
Jw  Jw Un, ) . .
increase the output power of a traveling-wave PD delivered to
+, .<exp <—jw . @) _ 1) the load impedance, it is a fundamental requirement to reduce
Yp the millimeter-wave reflections at the output port. However, in
Up  Up L dip millimeter-wave measurements using commercially available
e e TP o, | coplanar probes the load impedan#e is fixed to 502,

This equation not only comprises the carrier transport and gearn impedance that is significantly larger than the typical

eration within the intrinsic absorptive layer of the TW-PD bu?haractensuc impedancé, of ultrahigh frequency TW-PDs

also the carrier transport through the adjacent nonabsorptive%rlICh is typically in the range of 10-20. To overcome this

trinsic regions of the waveguide core (see Fig. 2). impedance mismatch in the experiment an open ended long

In the next step, we need to develop a model describing tiwl TL 450 pum) passive t_ransm|SS|on line with a character
Lo i istic impedanceZ, is used in parallel to the load impedance
contribution of the distributed current source to the over ; . : .
. ) NN . This way the impedance mismatch at the output port is
electrical wave propagating along the transmission line of tfe- R . :
N U educed keeping in mind, that the power deliveredpis of
TW-PD. The type of transmission line formed in this TW-P
. . . : . ourse not the total power generated by the TW-PD.
is a slow-wave hybrid coplanar/microstrip waveguide [14].

Lo o . . Based on the TLM model, the RF output power delivered to
Generally, such transmission lines require “full-wave analys[ﬁe load impedancg,, can be analytically determined by (12)
for rigorous modeling [15]. However, for our purposes the L '

guasi-TEM analysis using a quasi-static equivalent circuit mqueWOW” atthe bottom of the following page, with

as shownin Fig. 7(a) satisfactorily describes the millimeter-wave ro= ZE = Zo (13)
properties of the TW-PD transmission line. Here, the photo- - Zep+ 7
generated current per unit length is represented by the curr@f€l

sourcei’(z). R’ and L’ are the resistance and the inductance ry = Za = Zo
of the metal center conductor per unit length, respectiviely. Za+ Zo
represents the semiconductor losses associated with transvegpeesenting the reflection coefficients at the input and output

current flow in the doped cladding layers afiflandG’, are the ports, respectively.

(14)
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The presented frequency domain model allows to conside % ' ' '

the relevant limiting intrinsic effects such as transit times limita- ~ 2° 7
tions as well as limitations due to propagation effects suchasm 15 7
crowave losses and the mismatch between the optical groupv 1057
locity and the electrical phase velocity. By applying this model _ st .
to the investigated TW-PD, the contribution of the different ef- %
fects on the total rolloff at high-frequencies can be identified™ |
and the impact of design variations of the high-frequency per
formance can be studied in detail.
In order to numerically calculate the generated power the
I . L 201 .
circuit parameters of the TW-PD equivalent circuit must be . . .
determined first. Generally, these parameters are frequent 2 25 30 35 40
dependent but for frequencies in excess of 20 GHz the pe frequency (GHz)
rametersL’, R/, C! and G, are considered to be constant.
Only R’ increases with the square root of frequency due fo- ©. Ex_pe_rimentally (circles) an_d numerically (soliq lines) Qetgrmi_ned
the skin effect. In good approximaticﬁ; can be determined characteristic impedance of the hybrid coplanar/microstrip transmission line.
by C! = £pe, - w/d; resulting in 1.7 pF/mm for the inves-
tigated TW-PD structure. The constant conductor resistanc 300 . w . . 25
per unit length at frequencies below 10 GHz is given by
R' = pau/(w - dpmer) resulting in 18.32/mm. For frequencies Re{Zy}
in excess of 10 GHzR' is considered to increase with the
square root of the frequency. The series resistance of tf~
doped semiconductor layers for a gm-wide rib waveguide
with 15 um separation between the center and the groun
electrode is approximately?.~0.25 Q-mm. The parallel 100
conductancel, ~ 20 mS/mm and the transversal induc-
tance L/~0.1 nH/mm were experimentally determined from
S-parameter measurements. With all the equivalent circui ‘ . . ‘ \ ‘
parameters known, the complex characteristic impedanc % 50 75 100 125 150 175 20650
Zp and the complex electrical propagation constant of frequency (GHz)
the TW-PD transmission line can be calculated. The theo-
retically determined complex characteristic impedance fbig. 10. _ Theoretically determir_)ed character_istic impedancg Qnd _electrical
. . . . . o rppagation constant of the hybrid coplanar/microstrip transmission line.
microwave frequencies is shown in Fig. 9 and it is compart—‘é’qO
with experimental values obtained from on-wafeparameter
measurements. As can be seen, there is a good agreeratattrical output power, it is of great importance to identify the
between the experimental and theoretical data indicating thitysical reasons causing this rolloff. By identifying the contri-
the approximations used to determine the equivalent circbiitions of the different physical phenomena considered in the
parameters are appropriate. developed model, we can state that the total rolloff is composed
In Fig. 10, the theoretically determined characteristiof a 6.5-dB penalty due to transit time effects and a 1.1-dB
impedance and the propagation constant are plotted upptnalty due to intrinsic effects resulting from carrier transport
200 GHz millimeter-wave frequency. in the doped sections of the TW-PD. The remaining penalty of
In Fig. 11 the theoretically calculated power delivered to the5 dB originates from propagation effects namely microwave
load impedanceZ;, is compared with the experimental datdosses and velocity mismatch. In order to further improve the
already presented in Fig. 3. The excellent agreement betwdai'-PD performance one has to address primarily the penalty
measured and simulated data with a maximum variation of ordgused by transit time and wave propagation effects. A more
3 dB proves the accuracy and reliability of the analytical modaletailed discussion on the optimization of the p-i-n TW-PD de-
The total rolloff for a frequency span from 20 to 200 GHz isign for high-power (sub)millimeter-wave generation will be
13.1 dB. For future design optimizations with respect to a highpresented elsewhere.
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broad-band millimeter-wave generation using the TW-PD. Inset shows
comparison between simulated and experimentally determined output power at
low frequencies up to 50 GHz.

As discussed earlier, the measured and calculated powe[rgl

shown in Fig. 11 represents the power delivered to the probe.

It does not represent the total power generated by the TW-PDL0]

Referring to Fig. 10, the absolute value of the characteristic

impedance at 110 GHz i&, = 9 . Thus, the total power

generated by the TW-PD is estimated to be 8.16 dB larger than

the measured power delivered to the probes.

In summary, we have presented to the best knowledge of th@3]

V. CONCLUSION

authors the first experimental demonstration of optical hetero-
dyne millimeter-wave generation up to 160 GHz using a ultra-

high frequency TW-PD with arecord measured millimeter-wave14]

power of—11.5 dBm at 110 GHz. The total power generated by

the detector is estimated to be about 8 dB larger. Both, the geis)

erated maximum output power and the maximum frequency are
currently limited by the experimental setup. Furthermore, we pre-

sented a theoretical analysis for describing the high-frequengyg)

limitations of TW-PD such astransittimes, microwave losses, and

velocity mismatch. An excellent agreement between the expe
mentally and theoretically determined values is found indicatin

atotalrolloff of 13.1 dB for a frequency span from 20t0 200 GHz.
This rolloff is found to be mainly due to transit time limitations
and microwave losses.
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