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Abstract—This paper demonstrates a high-() broad-band active
inductor and its application to a low-loss analog phase shifter. The
proposed high-() broad-band active inductor utilizes frequency-
insensitive negative resistance to compensate constant internal
losses caused by the drain-to-source conductance of the field-
effect. transistors (FET’s), the dc bias circuit, and several other
factors. The measured frequency range of the fabricated In-
AlAs/InGaAs/InP HEMT active inductor is 6 to 20 GHz for @
values greater than 100, and 7 to 15 GHz for () values greater
than 1000. A low-loss analog phase shifter is also fabricated at C-
band. This is constructed with the active inductors, the varactor
diodes and the low-loss multilayer broad-side coupler in a MIC
structure. Since the constant negative resistance of the active
inductors also compensates the line loss of the coupler and the
varactor diodes’ series resistance, the measured results show a
good insertion loss performance with a large phase shift. A phase
shift of more than 225° within a 0.8 dB insertion loss from 4.7 to
6.7 GHz, another of more than 180° within 1.3 dB insertion loss
from 3.7 to 8.5 GHz, and one more of more than 90° within 1.4
dB insertion loss from 3.5 to 10.6 GHz were obtained.

I. INTRODUCTION

N MONOLITHIC microwave integrated circuits (MMIC’s),

spiral inductors are often used for generating inductance
because of their simple structure. However, to generate a lot of
inductance, large spiral inductors are needed which take up too
much space. Field-effect transistors (FET’s) utilize space more
effectively, which has called attention to their potential use
as active inductors [1]-[6]. However, the significant constant
internal loss due to their drain-to-source conductance, the
resistors for dc bias, and the dc bias circuit all inevitably
degrade the performance of active inductors [1]. Several
approaches to solve these problems have been introduced,
including some promising ones that achieve high-@} values
- by using negative resistance. However, even these techniques
result in limited band characteristics, and the experimental
active inductor’s bandwidth for ) values greater than 50 was
30-40%. As indicated by Hara et al.s’ experiments, this is
probably because the internal loss—caused by the drain-to-
source conductance of the FET’s, the resistors for dc bias,
and several other factors—are almost constant at the operating
frequency range below half of the cut-off frequency [1]. On the
other hand, the negative resistance of Hara et al.s’ inductor is
parallel to inductance, and that of Alinikula et al.s’ inductor is
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in series with inductance but not constant against the operating
frequency range [7]. If the negative resistance generated in
series with the inductance could be made constant against
the operating frequency, the loss could be canceled over a
much wider frequency band, i.e., from dc to the microwave
frequency range.

We fabricated high-Q) broad-band active inductors in which
the circuit structure generates frequency-insensitive negative
resistance that almost completely compensates the constant
internal loss. This yields a much wider frequency band than
offered with previously reported active inductors. This paper
describes our active inductors and experimental results.

The paper also describes a low-loss analog reflection-type
phase shifter that we fabricated in a microwave integrated
circuit (MIC) structure. Bastida et al. demonstrated a hybrid
180° reflection-type phase shifter as an application of the
active inductors. In this case, the active inductors were used as
tuning inductive elements. The insertion loss was modest (less
than 3.8 dB in the 2.3-4.6 GHz band) because the inductors
used common-source cascode FET’s with resistive feedback
lossy topology. Since the constant negative resistance of the
proposed active inductor can compensate the internal loss of
the coupler and the varactor diodes’ series resistance effec-
tively, the internal loss of the phase shifter could be low over
the broad-band frequency range. To the best of our knowledge
there are no reports on the application of active inductors to
the phase shifter to reduce internal loss, although there are
reports on the implementation of negative resistance elements
to compensate for losses in microwave active filters [8]-[11].

II. NOVEL ACTIVE INDUCTOR

A. Design Approach

A schematic of the active inductor we propose is shown in
Fig. 1(a). This circuit is composed of common-source cascode
FET’s (FET1 and FET?2) and a feedback FET (FET3). Hara et
al. used a configuration for the active inductor in which FET3
was a common-gate FET [1]. More recently, a technique has
been developed in which a resistor is inserted in the gate
of a common-gate FET to generate negative resistance in
series with inductance but not constant against the operating
frequency range [7]. In our new active inductor, the gate of
FET3 is connected to the drain of FET1 and the source of
FET2. This connection enables the active inductor to generate
constant series negative resistance. In addition, a resistor R,
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is inserted between the drain of FET2 and the output port. It
has been shown that the internal loss R;, caused by the drain-
to-source conductance of the FET’s, the resistors for dc bias,
and several other factors, is almost constant at the operating
frequency range below half of the cut-off frequency [1]. If the
FET equivalent circuit is assumed to be just a combination. of
the transconductance g, and the gate-to-source capacitance
Cys, the output impedance,. Z,y, is as shown in (1), at the

bottom of the page.

When the FET’s have the same cut~0ff frequency fr (=
9m /27 Cys), (1) can be rewritten as follows:

1y
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Fig. 2. Structure of an InAlAs/InGaAs/InP HEMT with an InP recess-etch
stopper.
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_ Assuming that
(f/fr)2<1 3)

we have a simplified equivalent circuit as shown in Fig. 1(b).
Note that the negative resistance shows no frequency term so
R; can be completely canceled by adjusting the amounts of
Rou and g, for the entire frequency range. It also shows
in (2) that this circuit has a higher inductance value than
previously reported circuits [7]. .
Since FET1, FET?2, and FET3 draw the same drain current in
this configuration, it is difficult to control the inductance and
- the negative resistance independently. One method to obtain a
tunable active inductor is to use a cold-FET variable resistor
as the resistor R, for tuning the series negative resistance.
Then g,,, or ¢, could be varied for tuning the inductance,
while maintaining series resistance constant with the cold-FET
variable resistor Royus.

Basic configuration of proposed active inductor using constant series
negative resistance generation: (a) circuit schematic, (b) simplified equivalent

B. Experimental Results

The high-() broad-band active inductor was fabricated using
four 0.1-pum-gate-length InAlAs/InGaAs/InP high electron mo-
bility transistors (HEMT’s) [12]. InAlAs/InGaAs modulation-
doped heterostructure lattice matched to InP substrate was
grown by metal-organic chemical vapor deposition for the
HEMT’s. Fig. 2 shows the cross section of the HEMT. An InP
layer was inserted in the InAlAs barrier layer as a gate-recess-
etch stopper to make the depth of the gate recess uniform. The
InP etching stopper is compatible with the nt-InGaAs/nt-
InAlAs cap layer used for nonalloyed ohmic contact in the
fabrication process. The HEMT’s showed a very high average
fr and fuax of 140 and 180 GHz, respectively..

The circuit schematic of the active inductor that we fab-
ricated is shown in Fig. 3(a). FET4 is used for dc biasing.

j“_;c sl ( i = ) - gl The fixed resistor Rout is 29 Q. The size of the chip shown
Zout = . 1 . > = + Rout- (2) in the photograph in Fig. 3(b) is 0.78 x 0.4 mm?. Since
- (f_T) the MMIC structure uses "uniplanar’ techniques based on the
JwOgs2 JwCge1  JwCys3
JwCes1 ) 1 _L(l-"_'g'ﬂ:.gg ) S S ( gmgl gn—f3 )
gmq Imy Gy (1+ﬂc_§.~°’_) Imo (1+%)
Zout = j9Cren = JwCren g:zjc 1 JwCge + Rout (D
1 — wCgs1 wCles3 (1 9o ) _ 390G ) q _ (1+ vg»,gi ) + ( gmgl Cgm3 )
. ' 7w Cqs3 = JwCgs3 7w Cgs3
S O = B (+5s) (1+572)
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Fig. 3. Fabricated active inductor: (a) circuit schematic and (b) photograph
of MMIC chip.

coplanar waveguide, it is important that the metal surrounding
the inductor’s circuit is sufficiently grounded to ensure high-Q
characteristics at the higher frequency range [13].

Fig. 4 shows S parameters (from 2 to 26 GHz) measured
using the Cascade Microtech Summit 10600 semi-automatic
thermal probing system. The associated series resistance is
kept above 0  in the frequency range 0.045-26.5 GHz by
the appropriate bias conditions, Vg1 = 0.0 V, Vg2 = 1.2V,
Vs =24V, V=35V, Vg =49V, and Iy = 11 mA.
This corresponds to a power consumption of 54 mW, and
shows that loss can be compensated at up to and over 20
GHz. The measured S parameters at 2 GHz are capacitive
because of the small value of the dc cut capacitors, which are
not considered in the simplified analysis above. Fig. 5 shows
the measured impedance-frequency characteristics, where the
impedance is represented by series resistance and inductance.
The inductance values at 6 GHz and 20 GHz are respectively
0.41 nH and 0.82 nH, and the Q) value in this frequency range
is greater than 100. The inductance values at 7 GHz and 15
GHz are respectively 0.44 nH and 0.59 nH, and the Q) value
in this frequency range is greater than 1000. The low-loss
and wide-band characteristics are due to the proposed constant
series negative resistance compensation.

Considering applications for active filters, phase shifters,
oscillators and so forth, one of the most important problems
is stability against temperature variation. The temperature
variation from —35° to 55°C was measured [7]. The variation
of the inductance and resistance values is within 6.2 % and 1.4
Q, respectively, at the frequency of 8 GHz. The variation of
the resistance is almost flat over the 4—18 GHz frequency band,
because the amount of negative resistance varies constant in
proportion with the temperature variation against the operating
frequency range.

2371

Fig. 4. Measured S parameters of the experimental circuit.
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Fig. 5. Measured impedance-frequency characteristics of the experimental
active inductor.

The input-output characteristics at the frequency of 8 GHz
was measured to investigate dynamic range as shown in
Fig. 6. An 8-GHz signal was injected into the active inductor
through a circulator, and the reflected signal was observed
by a spectrum analyzer [7]. The 1-dB gain compression point
is —1 dBm of incident power, and the fundamental power
to the second-harmonic wave power of the reflected signal
is more than 20 dB. The phase deviation is less than 1° in
this incident power range, which means that the variation of
the inductance and resistance values are negligible up to —1
dBm of input power. It has been shown that the AM-PM
conversion characteristics of the common-source cascode FET
amplifier are good because the positive phase deviation from
the common-source FET and the negative phase deviation
from thé common-gate FET at the near saturation region
cancel each other [14]. Since in our active inductor the
common-source FET (FET1) is connected to the common-gate
FET (FET2), the good AM—~PM conversion characteristics are
thought to be due to the same reason.

III. Low-LoSS ANALOG PHASE SHIFTER

A. Design Approach

The basic topology of the proposed phase shifter is illus-
trated in Fig. 7. The 3-dB, 90° hybrid divides the input signal
from port #1 equally between the two output ports, port #3
and port #4, but with a difference of 90°. Port #3 and port
#4 are terminated with the same reactance circuits. Signals
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Fig. 7. Basic topology of the proposed phase shifter.

reflected back from the port #3 and port #4 are added together
at port #2, and no signal returns to port #1. The phase shift is
determined by the reactance values at port #3 and port #4.

Compared to conventional analog reflection-type phase
shifters, the reactance circuits of the new phase shifters are
constructed with the varactor diodes connected in series to
the active inductors. The varactor diodes are used as tuning
elements just like in the conventional phase shifters [15].
The active inductors are used to reduce the loss of the phase
shifter by generating constant negative resistance against the
operating frequency range. In Section II-A, we mentioned that
the internal loss R; of the active inductor can be completely
canceled by ‘adjusting the amounts of Ryt and gp,,. It is
necessary to modify these design parameters in order to
compensate not only the internal loss R; but also the line
loss of the coupler and the varactor diode’s series resistance.

In the conventional phase shifter using the passive inductor,
not only the loss of the inductor but also the line loss of
the coupler and the varactor diode’s resistance increase the
insertion loss. ‘Furthermore, the loss causes a large amount
of the amplitude variation with the phase shift operation,
especially if a series, a parallel, or a combination series-parallel
resonant circuit is used as a reactance circuit in order to obtain
a large phase shift. If a lossless reactance circuit is used in
the phase shifter, a quasiideal phase shifter, in which the
insertion loss is constantly zero with the phase shift operation,
is obtained.

B. Multilayer Broad-Side Coupler

Recently, multilayer MMIC technology has been developed
to reduce chip size for better performing MMIC’s [16], [17].

Strip
Conductor #2

Strip
Conductor #1
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Fig. 8. Multilayer broad-side coupler: (a) cross-sectional view and (b) pho-
tograph of chip.

In this technology, thin polyimide films and conductors are
stacked on the surface of the active devices to fabricate
passive circuits. However, the metal lines of these structures
are relatively lossy because the thickness of the metal is about
1-2 pm.

We fabricated a low-loss multilayer broad-side coupler used
in a MIC structure as shown in Fig. 8. Although four layers
of the ceramic and the polyimide are stacked in this substrate,
only the polyimide layers are used for the broad-side coupler.
Each polyimide layer is 25-pm thick. The strip conductor
and the grounded metal between the polyimide  layer and
ceramic layer have a thickness of 5 um and are made of
gold. The polyimide layer has the following characteristics:
the relative dielectric constant, ¢,, is 3.2; the dielectric loss
tangent, tan d, is 0.002; and the coefficient of heat expansion
is 50 x 107%/°C at the frequency of 10 GHz. The broad-side
coupler is fabricated by stacking two strip conductors, which
are respectively located at heights of 75 ym and 100 pm from
the grounded metal. The respective widths of strip conductors
#1 and #2 are 80 pm and 100 pm, and the length of the
coupler is 4,650 um. This structure effectively provides a tight
coupling (3 dB) between the strip conductors.

Fig. 9 shows the measured performance of the broad-side
coupler. A coupling loss of 3.4 + 0.7 dB, and a return loss
and isolation of more than 16 dB have been obtained over the
5.4-13.3 GHz frequency band. The phase difference between
the two ports, port #3 and port #4 was within 90 &+ 2° in
the same frequency range. The mean coupling loss is about
1.6 dB lower than that of the previously reported multilayer
MMIC broad-side coupler [17]. This is due to the wide and

thick metal conductors of the fabricated multilayer structure. -

C. Experimental Results of the Phase Shifter

Fig. 10 shows a photograph of the MIC phase shifter.
The varactor diodes are mounted on the coupler’s ports. The
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Fig. 10. Photograph of the MIC phase shifter.

MMIC’s mentioned in Section II-B sit on the surface of the
grounded metal between the ceramic and polyimide layers and
are connected to the varactor diodes by 20 ymf) Au bonding
wires. The chip size is 9.3 mm X 4.8 mm.

Two hyper-abrupt GaAs variable capacitance diodes
(SANYO SVD-201) were employed as varactor diodes. The
series resistance, I, and capacitance, C;, at the reverse bias

-voltage of O V are, respectively, 3 2 and 1.8 pF at 10 GHz.
The capacitance ratio between the reverse bias voltage of 0
V to 12 V is about 11:1.

Fig. 11 shows measured insertion loss and return loss at
the varactors’ bias voltage, V., of 0.6 V. The biases of the
active inductors are set so that the insertion loss is as low as
possible at all frequency ranges. The measured insertion loss
is within 0.8 dB across the 3.6.to 12.1 GHz frequency range.
The measured input return loss is more than 10 dB in the

same frequency range. This modest input match is attributed -

to the MIC structure and the difference of the electrical
characteristics of the two. active inductors and varactor diodes.
Of course, it could be that the active inductors are operating in
areflection-type amplifier mode, and the positive gain could be
achieved by varing the biases of the active inductor. However,
the return loss performance would degrade.

Fig. 12 shows the measured relative phase shift and inser-
tion loss with varying V.. The reference phase is at V. of 0.6
V. A maximum relative phase shift of 231° was achieved at
5.7 GHz by changing V. to 11.6 V.

The phase shifts obtained by changing V. to-11.6 V are as
follows: 1) a phase shift of more than 225° within 0.8 dB.
insertion loss from 4.7 to 6.7 GHz, 2) a phase shift of more
than 180° within 1.3 dB insertion loss from 3.7 to 8.5 GHz,
and 3) a phase shift of more than 90° within 1.4 dB insertion
loss from 3.5 to 10.6 GHz.
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Fig. 12. Measured relative phase shift and insertion loss with varying Ve:
(a) relative phase shift and (b) insertion loss.

The phase shift errors obtained are as follows: 1)-for a phase
shift of 225°, the error was +2° within 0.8 dB insertion loss
from 4.8 to 6.3 GHz obtained by changing V, to 9 V and 2) for
a phase shift of 180°, the error was £3° within 1 dB insertion
loss from 3.9 to 5 GHz obtained by changing V. to 4 V.

Since the phase shifter uses a large number of active
elements, the noise figure performance was relatively poor [3].
The measured noise figure at 5 GHz was 9.1 dB at V, of 4 V:

In this experiment, only the varactor diodes were tunable. If
the tunable active inductors discussed in Section II are used,
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then the results will be even better because the amount of the
phase shift will be the sum of the two individual tuning ranges
attributed to the tunable active inductors and varactor diodes.

IV. CONCLUSION

A high-Q) broad-band active inductor and its application to
a low-loss analog reflection-type phase shifter was demon-
strated. The proposed high-(} broad-band active inductor uti-
lizes the frequency-insensitive negative resistance to compen-
sate constant internal losses resulting from drain-to-source
conductance of the FET’s and the dc bias circuit, and so
forth. The measured frequency range of the fabricated In-
AlAs/InGaAs/InP HEMT active inductor was 6 to 20 GHz
for  values greater than 100, and 7 to 15 GHz for @
values greater than 1,000. This inductor is excellent for high-
performance filters, VCO’s and analog phase shifters. To
demonstrate its application, active inductors were used in a
low-loss reflection-type analog phase shifter at C-band. This
was constructed with the active inductors, varactor diodes
and a low-loss multilayer broad-side coupler in the MIC
structure. Since the constant negative resistance of the active
inductor also compensates the line loss of the coupler and the
varactor diode’s series resistance, our measured results showed
a good insertion loss performance, with a large phase shift.
We obtained a phase shift of more than 225° within 0.8 dB
insertion loss from 4.7 to 6.7 GHz, another of more than 180°
within 1.3 dB insertion loss from 3.7 to 8.5 GHz, and one
more of more than 90° within 1.4 dB insertion loss from 3.5
to 10.6 GHz.
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