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Optically Induced Measurement Anomalies with
\Voltage-Tunable Analog-Control MMIC’s

Stepan LucyszynMember, IEEE,and lan D. Robertson

Abstract—Monolithic microwave integrated circuits (MMIC's) ~ ment spot lamp. However, with on-wafer probing, the minia-
may be measured under relatively high-intensity lighting con- ture probe tips must be accurately placed onto the MMIC’s
ditions. Later, when they are packaged, any anomalies found probe pads with the aid of an optical microscope and an

in subsequent measurements could be attributed to unwanted - I - . .
parasitics or box modes associated with the packaging. How- additional high-intensity light source. Often, engineers with

ever, optical effects may not always be considered by radio- limited experience in measuring MMIC’s perform both the
frequency (RF) and microwave engineers. For the first time, initial probe alignment and subsequent measurement proce-
a qualitative assessment is given for the effects of photonic dures under the same lighting condition. Later, when the
absorption on three broad-band voltage-tunable analog-control MMIC is either individually packaged or incorporated into
circuits. Each circuit has a different function, with each field- . )

effect transistor (FET) operating in a different mode: a hot FET a more complex HMIC, any anoma_“es found in the subse-
in a variable-gain amplifier, a cold FET in an analog attenuator, guent measurements could be attributed to unwanted para-
and an FET varactor in an analog phase shifter. All three sitics or box modes associated with the packaging. However,
circuit functions have been implemented using two different FET-  optical effects may not always be considered by RF and
based technologies. The first with ion-implanted 0.5:m GaAs microwave engineers.

metal-semiconductor FET's (MESFET’s) in circuits operating Precisi trol circuits pl . tant role i |
at either 3 or 10 GHz. The second employs epitaxially grown recision control circuits play an important role in genera

0.25um AlGaAs/InGaAs pseudomorphic high electron-mobility adaptive signal-processing applications. When compared to
transistors (HEMT's) in circuits operating at 38 GHz. All the purely digital implementations, analog-control circuits offer

MMIC's were fabricated using commercial foundry processes considerable advantages [3]. As a result, analog-control cir-
and illuminated under conventional optical microscope lighting cuits appear ideal for large adaptive phased arrays [4] and

conditions. Prominent error peaks have been found at bias points . . . .
unique to the three different circuit topologies. Large error peaks adaptive multifunction MMIC designs. For example, the adap-

are found with the MESFET-based circuits, while much smaller tive phased-array antenna, employing control circuits such as
error peaks are achieved with the corresponding pseudomorphic variable attenuators and variable phase shifters [4], is the

HEMT (pHEMT) based circuits. single most important application of MMIC’s for space and
Index Terms—Analog control, optoelectronic, MMIC. portable radar systems. Unfortunately, voltage-tunable analog-
control MMIC's are particularly susceptible to measurement
anomalies due to photonic absorption because they have
to operate over wide bias voltage ranges. However, little
ONOLITHIC microwave integrated circuits (MMIC’s) information has been reported to quantify the optical effects
have a number of important advantages over the masa real analog-control circuits having different functions and
traditional hybrid microwave integrated circuits (HMIC’s)with different field-effect transistor (FET) based technologies
[1]. With the falling costs associated with on-wafer radioeperating in different modes.
frequency (RF) measurements fueled by the rapid rise inBased on an extensive experimental study, this paper gives
demand, an ever increasing number of MMIC design groupsqualitative assessment of the effects of photonic absorp-
are establishing their own in-house MMIC test facilities.  tion, during on-wafer RF measurement, for three broad-band
With the extremely high levels of mechanical precisiomoltage-tunable analog-control circuits. Each circuit has the
found in today’'s measurement equipment, and the corifellowing different function, with each FET operating in a
sponding advances in their calibration procedures, MMICtifferent mode:
can be measured to very high levels of accuracy—to at1) hot FET in a variable-gain amplifier;
least three decimal places in both magnitude and phasep) cold FET in an analog attenuator;
well into the millimetric frequency range. MMIC’s are mea- 3) FET varactor in an analog phase shifter.

sured using either test fixtures or on-wafer probing techy three circuit functions have been implemented using two
niques [1], [2]. With the former, the MMIC is measuredyifterent FET-based technologies. All the MMIC's were fab-
under ambient laboratory lighting conditions, using fluorégicaieq at GEC-Marconi Material Technology Ltd. (GMMT),
cent tubing, and perhaps with an additional tungsten filgsygell, UK., using their standard commercial foundry pro-
Manuscript received June 6, 1997; revised May 11, 1998. cesses. Since GMMT is one of Europe’s largest vendors of
The authors are with the Department of Electronic EngineeringgagAs MMIC's, the results from this study will be highly
University of Surrey, Guildford, Surrey GU2 SXH. UK. (e-mail: o020t to those involved in the design and measurement of

s.lucyszyn@ee.surrey.ac.uk).
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Il. PRINCIPLE MECHANISMS C. External Photovoltaic Effect

Optically controlled microwave devices and circuits have In the exposed section of the gate’s Schottky-junction
been studied for many years [5]-[9]. They have been deployéddpletion region, the high associated electric field will cause
in many diverse applications, including optical phase-lodke electron—hole pairs to separate, creating a gate photocur-
loops [10], optical injection locking of microwave oscillatorgent. Also, electron—hole pairs generated in the channel can
[8], [11], and adaptive phased-array antennas, [10], [12]. Tlkentribute to this gate photocurrent by diffusing into the gate’s
effects associated with optically illuminating FET’'s are weltlepletion region before recombination can take place. The
understood [13]-[17]. A brief summary of the three principleombined gate photocurrent will flow out of the gate electrode
effects will be described in this section. and through the gate bias resistor. As a result, a photovoltage

When a device is illuminated by a light source, whereby thie induced across the gate bias resistor, which superimposes
photon energy is equal to or greater than the band-gap eneiitgglf onto any externally applied reverse-bias gate voltage.
the absorbed photons initially generate a plasma of freidewever, this photovoltage effectively tries to forward bias
charge carriers (electron—hole pairs) in the section of expodbe gate junction. Therefore, the gate’s depletion region will
semiconductor. Since the carrier recombination time is greasdrink, increasing the height of the channel and, thus, in-
than the transit time across the depletion region or undeple@dasing the drain current. This optically induced excess drain
channel, these excess carriers result in photoconductive andrent can be in the order of tens of milliamperes. If the gate
photovoltaic effects. If the optical illumination intensifies obias resistance is large enough, the small gate photocurrent
the FET's peripheral size increases, the number of elegill be large enough to produce a photovoltage that could
tron—hole pairs increase and the observed photoconductive anthpletely cancel out the externally applied gate bias.
photovoltaic effects become more pronounced.

Ill. FET TECHNOLOGIES AND MEASUREMENT SETUP

A. Photoconductive Effect The MMIC's were fabricated using GMMT’s standard F20
In the undepleted region of a doped semiconductor, any eésemmercial foundry process, which is based on ion-implanted
cess carriers will increase the real part of the complex relatiQeb-um GaAs metal-semiconductor FET's (MESFET’s) and
permittivity and, therefore, the associated intrinsic parasitivesa-etched resistors. The cross section of the F20 MESFET’s
capacitances increase in value. However, the resulting effegade region is illustrated in Fig. 1(a). With this process, there
may only become significant at millimeter-wave frequenciets no buffer layer between the channel and substrate and,
The imaginary part of the complex relative permittivity igherefore, these MESFET’s should not suffer from internal
also increased. As a result, the effective conductivities in thiotovoltaic effects. The semi-insulting substrate is first silicon
region increase and, therefore, the associated intrinsic parasigped 3 x 107 cm~2) to form the n channel, using high
resistances decrease in value, which may have noticeaiergy ion implantation—which leaves a Gaussian doping
effects at any frequency. concentration profile. This is then followed by a second silicon
If a drain—source voltage is applied to the FET, the resultirtpping 2 x 10'® cm™®) at a lower energy to form the
electric field across the neutral channel (underneath the gatecapping layer. The trapezoidal gate MESFET has a single
electrode) will cause the electron—hole pairs to separate. Te€ess structure.
resulting photoconductive current will be in addition to the The monolithic millimeter-wave integrated circuits were
normal drain current. This optically induced excess drafiabricated using GMMT's standard H40 process, which
current will be less than a microampere with FET’s that have based on epitaxially grown 0.25% Alg23Gay 77As/
short gate lengths. INg.15G&.s5AS pseudomorphic HEMT's (pHEMT’s) and
nichrome resistors [18]. The cross section of the H40
pHEMT's gate region is shown in Fig. 1(b). These pHEMT's
may suffer from internal photovoltaic effects because there
When epitaxial growth techniques are used to create tlsea buffer layer between the channel and the substrate. A
active layer (epilayer) there is an abrupt change in the dopimgoﬁ\—thick undoped pseudomorphic InGaAs channel is first
concentration profile between the n-type channel and theown by molecular beam epitaxy (MBE) onto the undoped
buffer/substrate. As with p-n junctions, a depletion region GaAs buffer layer. A 20A-thick undoped AlGaAs spacer
formed due to the difference in doping levels (several ordeesyer and a 30G-thick silicon doped (2.0x 10'® cm3)
of magnitude). In the illuminated sections of this interfaciahlGaAs supply layer are then grown. Finally, a 58athick
depletion region, the associated electric field will cause tisdicon doped (2.5x 10'® cm~3) capping layer is grown,
electron—hole pairs to separate. Since this photocurrent flowsich serves to optimize the formation of ohmic contacts.
via the high-resistivity buffer/substrate, a photovoltage is ifFhe mushroom gate pHEMT has a double-recess structure.
duced across the buffer/substrate, which opposes the natlita# outer recess is etched into the capping layer without
built-in barrier potential across the interfacial depletion regioexposing the supply layer.
As a result, the interfacial depletion region will shrink in the The MMIC’s were first measured using conventional on-
illuminated sections, increasing the height of the channel anvdafer RF probing techniques, while being illuminated under
thus, increasing the drain current flow. This optically inducegkoad-band white light conditions. The commercial micro-
excess drain current can be in the order of milliamperes. scope light source used (Techni-quip) consists of a standard

B. Internal Photovoltaic Effect
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Fig. 1. lllustration of the FET's cross section at the gate region. (a) MESFET. (b) pHEMT.

150-W halogen bulb with a short fiber-optic cable feeding @ither 750 or 375(:. As a result, the observed anomalous
65-mm-diameter slit-ring aperture, which was placed 70 mmeasurements due to the external photovoltaic effect are
above the MMIC-under-test. The MMIC’s were then measuregfeatly reduced.

with no illumination to emulate the ambient lighting condition

of a packaged chip. IV. VARIABLE-GAIN AMPLIFIERS

The MMIC’s were designed to act as either variable- Active variable-gain blocks are used extensively in com-
gain control blocks or variable-phase control blocks. Onkpyunication subsystems. For example, they can be used for
one externally applied control voltage was required for ea@fplementing digital modulation performed directly at carrier
circuit. A single-gate bias resistor was employed to prevent Rfequency (includingl/-ASK and A/-QAM). Other examples
leakage and to act as a forward-bias current limiter. The valirelude automatic gain controls [19] and providing positively
of this resistance must be high enough to prevent RF leakageighted taps in direct implementation adaptive microwave
However, if the resistance is too high, the switching speed sifjnal-processing applications.
the circuit my be compromised and the external photovoltaic
effect may cause significant measurement anomalies. With the MESFET-Based Amplifier

MESFET-based MMIC's, the value of gate bias rESiStanceThe topo|ogy and Corresponding microphotograph of the
was 6 K. This value is more than ample for achieving goofimMIC variable-gain amplifier are shown in Fig. 2(a) and (b),
RF isolation, but not too large so as to induce a significamspectivew [19]. The amplifier employs a single 400
photovoltage of its own. However, it will be seen that theSESFET, with the drain voltage fixed &gy = +5 V.
MMIC’s suffer from significant anomalous measurements duRining is achieved by simply varying the gate bias voltage.
to the external photovoltaic effect. With the pHEMT-base@he resulting tuning curves under both lighting extremes are
MMIC's, the value of bias resistance was chosen to tkshown in Fig 3(a). It can be seen that this amplifier achieves a
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dynamic-tuning range of almost 30 dB, at the center frequency = —o— Nolllumination o
of 3 GHz. E‘ 4- —o— Error s ©
With a hot MESFET, the intrinsic transconductance in- & T K
creases with increased illumination, due to both the photocon-%& - [ 0.4 E
ductive and photovoltaic effects. The resulting bias-dependent g B
measurement-error characteristic (i.e., the difference in inser-.g 0- o3 &
tion gain responses) is also shown in Fig. 3(a). It can seen thatgs @
a 5.5-dB error peak is located at a negative-gate bias potential £ 0.2 2
of 1.95 V. As would be expected, this corresponds to the £ 2 §
nominal device pin_choff vo.Itagg Of pinchoft = 2.0.\_/. When 2 0.1
deployed as a variable-gain single-stage amplifier, a 5.5-dB™ -4-
drop in the expected level of power gain could have dramatic L o
consequences when integrated into a system. As a fixed-gain 0 0.5 1 1.5 2 2.5

Class-A amplifier biased for maximum gain or maximum Negative Gate Bias Potential, Volts
linearity, this error characteristic is of little concern since the ®)
gate would be biased well away from pinchoff. However, as 3. Measured anomalous optical behavior for the variable-gain amplifier
a fixed-gain Class-B power amplifier, this error characterist%",\,l,‘ESFET cirouit. (b) pHEMTpcircuit_ 9 pier.
is of great importance since the gate is biased at pinchoff.
Problems may also be found with Class-A/B amplifiers.
amplifier, where its gate bias is set close to pinchoff, then
anomalous measurements will be observed.
B. pHEMT-Based Amplifier It should be apparent that with variable-gain amplifiers the

error peak will always be found at pinchoff, irrespective of the

The topology of the millimeter-wave variable-gain amplifie& ) : : :
N . e ET's peripheral size or the frequency of operation. However,
is similar to the microwave amplifier, except that feedback h se size of the error peak will depend on the EET technolo
been added and distributed transmission lines have replaced P P 9y

the lumped-element matching circuitry. The amplifier employ%sed' Moreover, the peripheral size of the FET tends to be

a single 120sm pHEMT, with the drain voltage fixed atmversely proportional to frequency when operating near its
) ) . cutoff frequency(fr = g,/27Cy) because the value of
Vaa = +2 V. The resulting tuning curve under both lighting ; . : :
. . ate—source capacitancg; is proportional to the peripheral
extremes are shown in Fig 3(b). It can be seen that this . . . )
sjee. As a result, at higher frequencies of operation, the FET’s

amplifier achieves a dynamic-tuning range of only 10 dB, gt '\ craler and, therefore, the size of error peaks become
the center frequency of 38 GHz. maller

The resulting bias-dependent measurement-error character:
istic is shown in Fig. 3(b). It can seen that the very small
0.7-dB error peak is located at a negative-gate bias potential V. ANALOG ATTENUATORS
of 0.9 V. Again, the location of this peak corresponds to A biphase analog amplitude modulator is a special case
the nominal device pinchoff voltage Ofpinchor = 0.9 V. of a variable-gain block [1], [3]-[4], [20]. In principle, it
Therefore, if the hot pHEMT is employed in a low-noisean be used as a variable attenuator in either of two phases
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and, therefore, it can be employed in all of the applica- - =
tions listed previously for the variable-gain amplifier [21]. In & 151 —o— Hlumination 0 §
addition, biphase modulators are used to implement elegant§ —o—— No Tlumination §
binary phase-shift keying (BPSK) modulator designs and in- o 10- —o0— Error S,
phase—quadrature phase (I-Q) vector modulators [20], [22]. % §
2 s- . PP UPUOOPS- g ) >
A. MESFET-Based Attenuator g S eesesettOtiNNNNNS
The topology of a microwave biphase modulator is 0 . . : . . 3
shown in Fig. 4(a). This reflection topology consists of 0 0.5 1 1.5 2 2.5 3

a 3-dB quadrature directional coupler with two identical
cold MESFET’s, which act as voltage-controlled variable-
resistance reflection terminations. This reflection topology can ®)
be effectively treated as a single-MESFET circuit because d¢- 5- Me_asqred anomalous _opti_cal behavior for the analog attenuator. (a)
- .- . . - MESFET circuit. (b) pHEMT circuit.
the inherent characteristics of the directional coupler. With no
gate bias voltage applied, the drain—source channel resistance
should ideally be a short circuit and the insertion loss will A microphotograph of the MMIC biphase modulator
be at its minimum level. As the negative-gate bias potentisl shown in Fig. 4(b) [3]. The circuit employs 6Q0n
increases, so too will the channel resistance and, as a result MEeSFET's, with the drain voltage fixed atyy = 0 V.
insertion loss will increase. When the termination resistandening is achieved by simply varying the gate bias voltage.
is equal to the reference impedance of the coupler (e.g2)50 The resulting tuning curves under both lighting extremes are
the insertion loss should theoretically, approach infinity. Ashown in Fig. 5(a). It can be seen that the modulator achieves a
the negative-gate bias potential and the corresponding charshglamic-tuning range of almost 15 dB at the center frequency
resistance increase further, the insertion loss decreases.oAl0 GHz.
pinchoff, the termination resistance should ideally approachWith cold MESFET'’s, the drain—source channel resistance
an open circuit and the insertion loss is once more at lecreases with increased illumination due to both the
minimum level. photoconductive and photovoltaic effects. The resulting
Cold MESFET’'s have been accurately characterized bis-dependent measurement-error characteristic is shown in
microwave frequencies [23] and subsequently deployed Hkig. 5(a). It can seen that there are two error peaks located at
numerous MMIC applications ranging from reflection topol0.95 and 1.15 V. The first peak is just below the gate potential
ogy building blocks for adaptive microwave signal-processirthat causes the channel resistance with no illumination to equal
applications [3] (including variable beam-forming network80 €2, while the second peak is just above the potential that
[4] to tunable active inductors used in tunable active bandpassuses the channel resistance to equak&Ghen illuminated.
filters [24] and tunable notch filters [25]). When deployed as a single-stage analog attenuator, a worst-

Negative Gate Bias Potential, Volts
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case error of 5.5 dB in the expected level of insertion loss 3 dB quadrature
could have dramatic consequences. directional coupler

COUPLER PORTS:
B. pHEMT-Based Attenuator ® wrur
The millimeter-wave analog attenuator is similar to the mi- @ courLep

crowave attenuator (but with a 75gate bias resistor), except :_ T r -: @) 1s0LATED
that now two biphase modulators are configured in a balanced | C(v) V) | (@) preCT
topology having a push—pull mode of operation [26]. The |
result is an attenuator that can achieve a much larger dynamic-!
tuning range. For simplicity, one of the biphase modulators L----4 L=
has been deactivated by disconnecting its control line. When
a zero-gate bias voltage is applied to the active modulator,
the signals emerging from both arms of the balanced topology
are inherently of equal magnitude and 1&t-of-phase, thus
providing a high level of insertion loss (due to complete signal
cancellation). When the gate bias voltage is set at pinchoff, th
emerging signals are ideally of equal magnitude and in-phas
thus providing the minimum level of insertion loss.

The attenuator employs 24am pHEMT's, with their drain
voltages fixed atVy;q = 0 V. The resulting tuning curves
under both lighting extremes are shown in Fig 5(b). It can
be seen that the attenuator achieves a dynamic-tuning rang
of more than 25 dB at the center frequency of 38 GHz. ()
The resulting bias-dependent measurement-error characteriagg:
is also shown in Fig. 5(b). It can seen that there is a main
error peak located at approximately 0.2 V and an unexpected
linearly increasing error above pinchoff. With the main errdpeaks will again depend on the FET technology used and be
peak, the external photovoltaic effect only applies to thHeroportional to the FET's peripheral size.
active biphase modulator since the gate bias resistors of the
deactivated modulator are effectively open circuit. Therefore, VI. ANALOG PHASE SHIFTERS

at zero bias and while illuminated, the voltage reflection agith variable-gain blocks, variable-phase blocks are used
cc_;efhment qf the reflection termination |mpedance_ assoc'?‘t%Qtensively in general microwave signal-processing applica-
with the active modulator develops a larger magnitude (singgng [1], [4], [21], [27]. The analog reflection-type phase

it now has a lower drain—source channel resistance) compagggier (RTPS) can come in at least four generic wide-band
to the reflection coefficient associated with the deactivatgd,sions [1:

n.:(s)grl:!g;o[b;shl\s/vﬁsﬁ:f |!Qlel&(‘jnBc:r;ezfsl'JrftlOt:rrg]r :]ne d le\./til r?:) 1) two-stage “cascaded-match” version, which has no bias-
: : - W : vl ng Wi dependent group-delay variation [27]-[30];

illumination, as the negative-gate bias potential is increasedz) single-stage “maximum relative phase shift’ version

above meho.ﬁ' the'correspondmg.re.duc.t|on in the value of ™ nich has a small level of bias-dependent group-delay
Cgs, results in an increasing deviation in the phase angle variation [3];

of the active modulator’s reflection coefficient. Therefore, the 3) single-stage “minimum group-delay variation” version,

signals emerging from both arms of the balanced topology which has a reduced level of maximum relative phase
may still be of equal magnitude, but are now no longer shift [3];

:g'szhajg_ge;ultmr?e:]n.I?nm'.?](;rtize‘ ".15 thnecrgg dogr'::jsir]zon 4) single-stage “analog delay line” version, which has a
- HOwever, w Humi gs 1S | large linear bias-dependent group-delay variation [3].

phase angle deviation is minimized. The worst-case error of . i .
J’ e results of a preliminary investigation into the effects of

almost 3 dB in the expected level of insertion loss could ha ) . ; »
noticeable consequences. photonic absorption on the “cascaded-match” RTPS has been
[30].

Because the drain-source channel resistance is inverddfgViously documented
proportional to the FET's peripheral size, the location of the )
error peaks will be at lower values of negative-gate bias p6: MESFET-Based Phase Shifter
tentials if smaller transistors are employed and, conversely, aln this section, the single-stage “maximum relative
higher potentials if larger transistors are employed. Moreovghase shift’” RTPS is considered, with its topology shown
unlike variable-gain amplifiers, the location of the peaks wilh Fig. 6(a). This reflection topology consists of a 3-dB
not, in general, depend on the design frequency of operationgamdrature directional coupler with identical MESFET
the size of the devices are generally not frequency scaled-vifractors that act as voltage-controlled variable-reactance
the effects of the unwanted parasitic elements are ignoreeflection terminations. As with the attenuator, because of
However, as with variable-gain amplifiers, the size of the errtiie inherent characteristics of the directional coupler, this

identical reflection terminations

@

6. Microwave analog phase shifter. (a) Topology. (b) Microphotograph.
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reflection topology can be effectively treated as a single-
MESFET circuit. As the reverse-bias potential increases, the #
junction capacitance decreases and, therefore, the capacitiv@o
reactance increases. As a result, the insertion phase of thej
network advances, causing an increase in phase shift, relativgj“
to the reference level of insertion phase. %)

Interdigitated planar Schottky varactor diodes (IPSVD’s) <
implemented using F20 MESFET’s have been accurately char-g
acterized up to 40 GHz [30]—-[33] and subsequently deployed &
in numerous applications, ranging from phase shifters for &3
adaptive microwave signal-processing applications [3], [27], %
[29] to voltage-controlled oscillators (VCQO's) [34] to highly &
selective tunable active bandpass filters [24] and tunable notchg
filters [25]. A conventional HEMT varactor has also been £
accurately characterized at microwave frequencies [35]. Thes
resulting model demonstrated a tuning behavior, which is very
similar to that found with the F20 MESFET varactor.

A microphotograph of the MMIC phase shifter is shown
in Fig. 6(b) [3]. Each reflection termination employs two . . . : . . ot

w
Measurement Error, degrees

900-um MESFET varactors in a back-to-back arrangement g 175
(for doubling the maximum level of RF power). Tuning is &, "7
achieved by simply varying the anode voltage. The tuning8 !%°] : L6 ©
curve while illuminated, with the reference insertion phaseE“ 125 —o— Iilumination | %"
taken under the same lighting condition and at a forwardgy No Tllumination -
| . R | | . S 12! St
bias potential 0f+0.5 V, is shown in Fig. 7(a). In addition, & 100- -4 ©
the tuning curve with no illumination, but with the reference « 5 &
insertion phase taken while illuminated, is also shown in& ;] =
. ! . L -2 o
Fig. 7(a). This scenario emulates the worst-case conditiong; g
where the phase shifter is calibrated while illuminated and §  54- F1E
. =
subsequently packaged. It can be seen that the phase shifte® . 0 5
achieves a maximum relative phase shift of 1@0the center % 25 §
frequency of 10 GHz. = -1
With illuminated MESFET varactors, the Schottky-junction % 0 . T T T T . T -2
capacitance increases and the overall series resistance d& 145 0 05 1 L5 2 25 3
creases due to both the photoconductive and photovoltaic Reverse Bias potential, Volts

effects. The bias-dependent measurement-error characteristic ()
(ie., th(.e dlfference in the relative phase-shift responsgs) F%a 7. Measured anomalous optical behavior for the analog phase shifter.
shown in Fig 7(a). It can be seen that a“9gtror peak is (a) MESFET circuit. (b) pHEMT circuit.
located just above the point-of-inflection in the tuning curve
(at 1.20 V). When deployed as a single-stage analog phase ) .
shifter, an increase of ®2in the expected level of relative Maximum level of relative phase shift. Here, the topology
phase shift could have dramatic consequences when integr&tb§ach stage is similar to the microwave phase shifter (but
into a system. with a 3752 anode bias resistor), except that each reflection
With MESFET varactors implemented using GMMT’s F2dermination employs two 8@m pHEMT varactors in a back-
process, the h capping layer extends right up to the anodto-back arrangement and an additional series inductance.
(gate) electrode, as illustrated in Fig. 1(a). As a result of having The tuning curve while illuminated along with the reference
such a short access region when the reverse bias voltagénggrtion phase taken under the same lighting condition and
increased, the lateral depletion is more dominant than tAea forward bias potential of1.0 V is shown in Fig. 7(b).
vertical depletion [33]. The point-of-inflection is believed tdn addition, the tuning curve with no illumination, but with
correspond to the point at which lateral depletion reach#e reference insertion phase taken while illuminated, is also
the cathode (drain and source) electrodes. With MESFBTiown in Fig. 7(b). It can be seen that the phase shifter
varactors that have significantly longer access regions, vertieghieves a maximum level of relative phase shift of 1a6
depletion is more dominant, giving a point-of-inflection neahe center frequency of 38 GHz.
pinchoff [36]. It can be seen that there are two small error humps with the
) pHEMT-based phase shifter. These correspond to two points-
B. pHEMT-Based Phase Shifter of-inflection in the tuning curves. The first hump, at a forward
In this section, two identical single-stagmihimum group- bias of+0.6 V, has a value below 1°0while the second peak,
delay variatiori RTPS’s are cascaded in order to increase thad a reverse bias 0£0.6 V, has a value of 2°8 For many
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applications, the worst-case increase of°218 the expected pHEMT-based circuits. The first and most obvious reason is
level of relative phase shift would not have a significant effethat the peripheral size of the pHEMT's used in the amplifier,
on a system'’s performance. attenuator, and phase shifter are reduced to 30%, 40%, and 9%,

With pHEMT varactors implemented using GMMT’s H40respectively, from the original MESFET size. Secondly, very
process, the h capping layer extends right up to the anlarge gate bias resistors were employed with the MESFET-
ode electrode, as illustrated in Fig. 1(b). The first point-obased circuits; thus, considerably magnifying the influence of
inflection is believed to correspond to the point at whicthe external photovoltaic effect. The third reason can be visibly
vertical depletion reaches the 2-D electron gas, while tlseen in Fig. 1, which illustrates the relative lateral dimen-
second point-of-inflection corresponds to the point at whigions associated with the gate regions of the MESFET's and
lateral depletion reaches the source electrode. pHEMT’s. Compared to the MESFET, the pHEMT has a 70%

It has been found that error peaks will always be located duction in the amount of the exposed active semiconductor
the same bias potential, for the same FET technology, and trea (between the source and drain electrodes). The fourth and
same generic version of RTPS, irrespective of the frequenmore subtle reason is that the number of photo-induced elec-
of operation. This is because the optimal values for all d¢fon—hole pairs generated in a hot pHEMT’s supply layer will
the components used have been determined empirically dwdinsignificant, compared to the number of carriers already
should, therefore, be directly scaled to the center frequernsypplied by this highly doped layer. In contrast, the number
of operation. With respect to the location of the error peakf electron—hole pairs generated in the MESFET’s channel,
the important differences between the generic RTPS’s amhich has a level of doping concentration reduced by one order
the values of series inductance and maximum capacitarafemagnitude, is proportionally significant. The fifth reason
in the reflection terminations [1]. Previously, it has beeis that, compared to the pHEMT, more thermally induced
found that the F20 MESFET-baseddscaded-mat¢hRTPS, electron—hole pairs will be generated within the MESFET due
which employs relatively high values of series inductancets the increase in thermal impedance between the channel and
has an error peak at 1.65 V [30]. While the F20 MESFEThackface metallization layer (since the substrate thickness of
based fthaximum relative phase-shifRTPS, having no series the MESFET is twice that of the pHEMT). This will help main-
inductance, has an error peak at 1.20 V. Also, the size tafin higher temperatures in the MESFET's active layer. Since
the error peak will depend on the FET technology usdtle halogen bulb is remote from the MMIC-under-test, there
and be proportional to the FET’s peripheral size. Therefors, no direct contribution from the light source. Instead, there
since the size of the IPSVD’s are inversely proportional tmay be a noticeable effect when operating a hot FET close
frequency, the error peaks will be smaller at higher frequencisits drain—source current saturation level—as found with a
of operation. Class-A amplifier designed for maximum power gain. Lastly,

Finally, it was previously found that the MESFET-basethe problems associated with the photoconductive effect can
“cascaded-mat¢h RTPS also exhibits a bias-dependenbe extended to the mesa-etched resistors (which are isolated
measurement-error peak in the insertion-loss performamegions of doped semiconductor having ohmic contacts at both
[30]. However, the worst-case error is only of the order of 0.4nds) used in the F20 process; since the H40 process employs
dB. This is because of the F20 MESFET's short-gate accagshrome resistors. When illuminating a mesa-etched resistor
region [33], common with that of the H40 pHEMT. Thereforehaving a relatively large surface area, the resulting drop in
with the F20 and H40 processes, the measurement anomaléssstance could be significant and, therefore, could have dra-
associated with insertion loss are not considered significant faatic consequences if employed in a sensitive biasing network
this or any of the other generic version of RTPS fabricated at feedback network. Moreover, when implementing a high-
GMMT. In contrast, with an IPSVD implemented with an FETvalue gate bias resistor, even a small photocurrent generated
having a significantly longer access region, a large peak within the resistor can induce a significant photovoltage, which
the series resistance and sudden drop in junction capacitawié reduce the level of reverse gate bias.
are observed at pinchoff [36] and, therefore, very large errorin contrast, there is at least one reason why the MESFET-
peaks can be expected in this region. based circuits could demonstrate less sensitivity than would

otherwise be expected, compared to the corresponding
pHEMT-based circuits. Unlike the F20 ion-implanted MES-
VII. DISCUSSION FET's, the H40 epitaxially grown pHEMT’s could, in

For the three different circuit functions, the levels of serrinciple, suffer from internal photovoltaic effects. However,
sitivity (defined here as the ratio of peak measurement erfgcause the pHEMT has superior carrier confinement, which
normalized to the maximum dynamic-tuning range) can B& well away from the interfacial depletion region, the effects
attributed to: 1) the FET technology; 2) the FET's modef any back-gating will not be noticeable.
of operation; and 3) the topology of the circuit. With all
three functions, there are significant reductions in the optical
sensitivity when replacing the MESFET’s in the microwave
circuits with the pHEMT's in the corresponding millimeter- From an extensive experimental study, it was found that
wave circuits. under ambient laboratory lighting conditions the different

There are a number or reasons why the F20 MESFEVeltage-tunable analog-control MMIC’s did not suffer from
based circuits are more sensitive than the corresponding Hi#6asurement anomalies. However, it has been demonstrated

VIII. CONCLUSIONS
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