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Fig. 4. k =k of a DRW made of uniaxial anisotropic materials with
cross dimensions of 1.0� 0.5 mm . (1) " = 11:56; " = 11:56.
(2) " = 11:56; " = 9:39. (3) Calculated experimental based on
the from phase measurement results. (4)" = 9:39; " = 11:56.
(5) " = 9:39; " = 9:39; }—directly measured experimental points.

�k = ��=L, where�� is the phase-shift change when frequency
changes by a small step to the next point, and�k is a change in the
propagation constant in the dielectric waveguide. After obtaining the
wavelength at one point by using the phase data, one can calculate
the propagation constants at other frequencies (Fig. 4, curve 3). For
comparison, the normalized propagation constant measurements were
repeated at 80, 85, 90, and 94 GHz. The results are shown in Fig. 4.

One can see in Fig. 4 (curves 3 and 4) that the modified Marcatili
method for the sapphire DRW gives a good agreement with the exper-
imental data. The fact that the theoretical curve lies below the experi-
mental one can be explained by the approximative nature of the Mar-
catili method.

Comparing curve 1 with 2 and 4 with 5, one can see that the
anisotropy changes the propagation characteristic considerably. The
dispersion is increased, as with curve 2, when"k is smaller than"? or
decreased when"k is larger than"?, as with curve 4. The latter could
be explained as follows. When the frequency is very high, there is
almost no longitudinal electric-field component, and the propagation
constant results mainly from"?. When the frequency drops, the
longitudinal component of the electric field becomes larger; therefore,
the effect of larger"k becomes stronger and, thus,kz=k0 increases.
Similarly, one can explain why the dispersion seen in the case of curve
2 is stronger.

V. CONCLUSION

In this paper, we have presented the modified Marcatili method for
the calculation of a rectangular DRW made of uniaxial electrically
anisotropic dielectric material with the optical axis coinciding with the
axis of the DRW. In a more general case (arbitrary direction of the op-
tical axis, anisotropic permeability, etc.), equations similar to (2) may
be derived and solved using this approach. Equations have been derived
without guessing the field distribution. This method is relatively simple
and sufficiently accurate for a DRW operating far from the cutoff, as
with the original Marcatili method for the isotropic case. The propaga-
tion constant of an anisotropic sapphire DRW oriented along the optical
axis has been measured. Experimental results show a good agreement
with those calculated by our approach.
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Microwave – Vector Modulator Using a Simple
Technique for Compensation of FET Parasitics

Mitchai Chongcheawchamnan, Sawat Bunnjaweht, David Kpogla,
Dongwook Lee, and Ian D. Robertson

Abstract—The analysis and design of an improved technique for the re-
alization of vector modulators using analog reflection-type circuits are pre-
sented. The analysis focuses on the detrimental effect that the parasitic ele-
ments of the FET variable-resistance elements have on the 360phase and
amplitude control. It is shown that a simple circuit technique can be used to
compensate for the parasitic effects and achieve a near-ideal constellation.
Compared with the balanced structure, the proposed technique leads to a
much smaller circuit area and does not require additional complementary
control signals. This makes it better suited to commercial wireless applica-
tions where low cost is paramount. Simulation and experimental results for
an L-band prototype are presented.

Index Terms—Cold FET, parasitic elements, vector modulator.

I. INTRODUCTION

The vector modulator plays an increasingly important role in
modern communication systems. For example, in a linearized ampli-
fier system, a vector modulator can provide simultaneous phase and
amplitude tuning, rather than applying a variable attenuator cascaded
with a variable phase shifter [1]. High-performance vector modulators
can be used as the electronic controllable elements for an adaptive
beamforming network in phased-array antenna applications [2]. In
digital communication applications, a vector modulator is widely
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Fig. 1. Schematic diagram of an analog RTA.

used to generateI–Q modulated signals or to perform frequency
translation.

Traditionally, a vector modulator can be realized by two main ap-
proaches in microwave and millimeter-wave applications. The first ap-
proach is based on two orthogonal bi-phase modulators combined with
a 3-dB power combiner. Realizing a circuit with this technique has a
3-dB inherent loss penalty. The second approach is based on a vari-
able attenuator and a 360� variable phase shifter. Though the second
approach is attractive in terms of having no inherent insertion loss, a
high-performance variable attenuator with a constant phase and a phase
shifter with constant insertion loss are needed. These are notoriously
difficult to design, and laborious amplitude and phase control schemes
are often required for such a modulator. Hence, the first approach is
more attractive in terms of realization, especially in microwave and
milimeter-wave applications since the system is composed of a single
circuit block, namely the bi-phase variable attenuator.

The analog reflection-type attenuator (RTA) was first proposed and
applied to a vector modulator by Devlin and Minnis [3]. A variable re-
sistance reflection termination is used so that the attenuation level can
be controlled. The MESFET device is preferred over a p-i-n diode be-
cause of its near-zero dc control power and widespread availability in
foundry processes. However, it has a smaller dynamic range of resis-
tance and larger parasitic elements. The balanced, or push–pull, config-
uration is one way to remove the amplitude and phase errors caused by
the active device parasitics [4]. This structure employs a second atten-
uator operated in antiphase, giving good constellation symmetry, but
the chip area is more than doubled.

In this paper, a simple technique of compensating for the FET
parasitics is presented that achieves improved constellation accuracy
without resorting to a balanced topology. First, the parasitic elements
of the FET and their effects on the modulator are analyzed in Sec-
tion II. Section III then describes the proposed simplified technique
and analyzes the improvement in constellation symmetry between zero
bias and pinchoff. Based on the proposed technique, the experimental
results on a vector modulator demonstrated practically at 1.8 GHz are
described in Section IV.

II. A NALYSIS OF FET PARASITIC EFFECTS ON THERTA

Fig. 1 shows the configuration of the RTA. The cold FETs are used
as reflection terminations, which theoretically provide an ideal variable
resistor [5]. In practice, parasitic elements (junction capacitances, feed
inductance, etc.) introduce phase and amplitude error, which restricts
the application of the vector modulator. Previously, the technique
reported to overcome this problem is a balanced structure. Compared
with the RTA in Fig. 1, three additional hybrid couplers are required
and an additional complementary baseband control�I is required. Since
circuit complexity increases, a larger area for the circuit is needed. To
implement a vector modulator, the balanced topology requires nine
hybrid couplers, one Wilkinson divider, eight active devices, and four
baseband signal channels. Thus, a large chip area is needed for mono-
lithic microwave integrated circuit (MMIC) realization which, in turn,

(a)

(b)

Fig. 2. Circuit diagram of: (a) small-signal model of MESFETs and
(b) equivalent circuit of a cold FET.

results in higher manufacturing costs. Moreover, the larger number
of signal controlling channels, which areI; Q; �I; and �Q, increases
the complexity of the baseband circuitry. For example, a four-channel
D-to-A converter is needed instead of the two-channel one needed for
a conventionalI–Qmodulator. Also, while the vector modulator based
on the balanced structure theoretically achieves only 3-dB insertion
loss, in practice, the insertion loss can be increased considerably due
to the combined losses of those nine hybrid couplers. Thes21 of this
variable attenuator is directly related to�T , while s11 and s22 are
perfectly matched toZo. In this paper, we study the effect of transistor
parameters on the modulator performance by assuming that the
quadrature hybrid coupler is ideal. Fig. 2(a) shows the cold FET and
its equivalent small-signal circuit. The transistors are operated at zero
drain–source voltage. The gate–drain and gate–source capacitances
(Cgd; Cgs), which represent the variation in the depletion charge with
respect to the applied voltage, are equal because the depletion channel
is symmetrical at this biasing point [6], i.e.,Cgd = Cgs. Due to this,
the device model shown in Fig. 2(a) can be reduced to the simplified
equivalent circuit shown in Fig. 2(b). Let

Cx = Cds +
Cgd

2
: (1)

The input impedanceZin of the cold-FET device is given by

Zin = Rin + jXin (2)

Rin = Rd +Rs +
Rds

1 + (!Rds � Cx)2
(3)

Lin = Ld + Ls (4)

Cin =
1 + !2R2

dsC
2
x

!2R2
dsCx

(5)

whereRd; Rs andRds are the drain, source, and drain–source resis-
tance, respectively.Rs andRd represent the ohmic contacts and any
bulk resistances leading up to the active channel. These two resistances
are on the order of 1
 [6]. The drain and source inductance(Ld; Ls),
primarily resulting from contact pads, are typically less than 10 pH [6].
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Fig. 3. Effect of parasitic capacitances on� .

The drain–source capacitance(Cds) is related to the geometric capac-
itance between the source and drain electrodes.

The gate resistance(Rg) and inductance(Lg) result from the metal-
lization of the gate Schottky contact and metal contact pad. They have
no effect onZin since they are absorbed by a large gate biasing re-
sistor, which treats the transistor gate as an open circuit. Consequently,
only the two model elements, i.e.,Cgd andRds, are bias-dependent
cold-FET parameters.

From (3), the fixed parasitic resistances directly affectRin and
simply lead to an increase in insertion loss. The effect of parasitic
inductance dominates as the applied bias is approaching zero since
Cin becomes large. Since these parasitic inherent effects are small, we
assume that these parameters are negligible. The equivalent circuit of
the cold FET will be reduced to a parallel circuit form (Rds andCx).
The input impedance of this circuit (2) can be written as

Zin =
1

1 + (!RdsCx)2
Rds � j!R

2
dsCx : (6)

Consequently,�T is given by

j�T j =
(Zo �Rds)2 + (!RdsCxZo)2

(Zo +Rds)2 + (!RdsCxZo)2
(7)

6 �T = tan�1
2!R2

dsCxZo

(Z2
o �R2

ds) + (!RdsCxZo)2
: (8)

Fig. 3 shows the effect ofCx on the characteristic of�T for an FET
with the parameters listed in Table I. It is shown in the result that the
existence of capacitance causes the phase trajectory of�T at pinchoff
voltage(VTO) to deviate from the real axis. Hence, 180� phase dif-
ference cannot be achieved. This�T characteristic is not suitable for
a bi-phase and vector modulator implementation. The bias-dependent
model parameter is now considered. Here, we use the Curtice FET
model to analyze the cold FET. It is shown thatRds increases when
Vgs is more negative since the channel is narrowed. Conversely,Cgd is
decreased whenVgs is more negative since the charge in the depletion
region is smaller.

III. PROPOSEDTECHNIQUE TOIMPROVE THERTA

The technique presented here to compensate for the FET parasitics
in the vector modulator has two parts. Firstly, a series inductance is
introduced, which moves the left half of the�T trace to the upper half
of the Smith chart, while only causing a small change in�T at the bias
near toVTO. By optimum choice of this added inductance, the phase

TABLE I
LIST OFEXTRACTED CURTICE MODEL PARAMETERS OFCFY30 FET

difference can be set to 180�. Secondly, a shunt resistor is introduced
to equalize the magnitudes of�T atVgs = 0 and pinchoff.

A. Effect of External Inductance onj�T j

If an external series inductanceLx is deliberately applied, connected
at either the drain or source, then�T is obtained as follows:

j�T j =
(Zo �Rds)2 + (!RdsCxZo)2 +�

(Zo +Rds)2 + (!RdsCxZo)2 +�
(9)

6 �T = tan�1
2!Zo R2

dsCx � Lx � 1 + !2R2
dsC

2
x

(Z2
o �R2

ds) + (!RdsCxZo)2 ��
(10)

where� = !2[L2
x(1 + (!RdsCx)

2)� 2R2
dsCxLx].

The inductanceLx is used to control�T at Vgs = 0, and causes
only a small change of�T when the FET is biased near pinchoff. In this
section, the sensitivity ofj�T j withLx is investigated. If the sensitivity
of j�T j is very small, this implies that the effect ofLx on j�T j is also
negligible. The sensitivity definition is applied to prove this for the bias
voltage near pinchoff. LetSf[x]x be the sensitivity of a parameterx to
a functionf [x], which is defined as follows [8]:

S
f [x]
x =

@ ln f [x]

@ ln x
: (11)

Hence, applying (11) toj�T j with respect toLx, we obtain the sensi-
tivity function shown in (14). Thus, for a bias point that is very close
to pinchoff(Rds ! 1)

S
j� j
L (Vgs = VTO) � lim

R !1
S
j� j
L = 0: (12)

Also, at zero bias,Rds is very small(Rds ! 0). Hence, (13) and (14),
shown at the bottom of the following page.

This implies that addingLx to the termination circuit has no effect
on j�T j at zero and pinchoff bias points.

B. OptimumLx for a Bi-Phase Modulator

Applying Lx causes a significant change in6 �T whenVgs is near
zero. The effect ofLx can be predicted by considering (4), which makes
the j�T j trace move upward to the upper plane of the Smith chart. We
study this by applying different values ofLx to the device (CFY30)
(Table I). Fig. 4 shows the�T obtained by applying values between
Lx = 0 andLx = 3 nH. It is shown that the positions of�T at
Vgs ! 0 depend on the value ofLx, andj�T j is also improved due
to the reduction inXin.

The optimum value ofLx is obtained by considering the phase dif-
ference of�T , which should be 180� between the two extreme biasing
points, i.e.,Vgs = 0 and near pinchoff voltage, i.e.,

(6 �T )V � (6 �T )V !V = �: (15)
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Fig. 4. Effect of additional series inductanceL on� .

At Vgs = 0, the value of parasitic resistance and drain–source resis-
tance are very small compared with the reactance of the external in-
ductance. Hence, we can simplify6 �T for this case as

(6 �T )V =0 � tan�1
�2!ZoLx

Z2
o � (!Lx)2

: (16)

As the bias is close to pinchoff, the reactance resulting fromLx is very
small when compared withRds and!Cx; hence, (9) becomes

(6 �T )V !V � tan�1
2!ZoCxR

2
ds

Z2
o �R2

ds + !RdsCxZ2
o

: (17)

Substituting (17) and (16) into the condition defined in (15), we then
obtain the optimum value ofLx, which provides a 180� phase differ-
ence of�T as follows.

SinceRds at pinchoff is very large, we can then approximate (19) as
follows:

Lxa � lim
R !1

Lx =
1+ 4!2Z2

oCx(VTO)2 � 1

2Cx(VTO))!2
: (18)

Fig. 4 shows that the best phase trajectory is obtained withL = 1:4
nH, which agrees with the optimum value of 1.33 nH obtained from
(18). It is also evident from Fig. 4 that the extra inductance provides a
better dynamic range of attenuation since�T now passes very close to
the center point of the Smith chart.

C. Shunt Resistor to Correct Amplitude Asymmetry

The amplitude imbalance betweenVgs = 0 andVgs = VTO oc-
curs due to the existence of small parasitic resistances at the drain and
source, which will dominate when the FET is zero biased. Normally,
thej�T j atVgs = 0 is smaller thanj�T j near pinchoff. To correct this,
a shunt resistor is applied at the drain to reduce the overall impedance
when the FET is biased near to pinchoff. This decreases thej�T j at
pinchoff to thej�T j value obtained when zero gate–source bias is ap-
plied. The full schematic diagram of the proposed improved technique

Fig. 5. Proposed vector modulator.

for the vector modulator is shown in Fig. 5. This modified RTA gives
improved performance and can be used as a bi-phase amplitude modu-
lator and in a vector modulator, without resorting to the large balanced
topology.

Applying this structure to a complete vector modulator, the full 360�

phase rotation is achieved with very few additional components. It
should be noted that the nonlinear phase and amplitude tuning charac-
teristic can be corrected. One possible approach to correct this problem
is by applying a predistortion function, which is straightforward to im-
plement in software or by applying predistortion circuitry.

IV. M EASUREDPERFORMANCE

The implementation is performed with a packaged CFY30 device,
which hasfmax = 12 GHz. All the circuits are realized on a printed
circuit board (PCB) using microstrip transmission lines. The substrate
is epoxy glass (h = 1:6 mm, �r = 4:55, FR-4). All hybrid couplers
are realized using two 8.4-dB couplers connected in a tandem fashion
[10] to obtain a 3-dB coupler. A complete vector modulator based on
the proposed technique is constructed. Fig. 6 shows the photograph of
the vector modulator. All the lumped elements on the PCB are sur-
face mount (type 0805). The small external inductors are realized by
a microstrip line and taking the via-hole connecting line into account
(1 mm� 1 nH). The parasitic inductance from via-holes is minimized
by using parallel via-holes.

The measurement is performed with an HP 8510C network analyzer
test system. Thes11 ands22 of the vector modulator are well below
�15 dB at 1.8 GHz (see (19) at the bottom of the following page).

Fig. 7 shows the measurement results of the vector modulator using
the proposed technique. The dynamic range of this vector modulator
is from �5.2 to�60 dB and a full 360� phase rotation is achieved.
The amplitude and phase imbalance at 1.8 GHz are well below 0.4 dB
and 3�. The amplitude and relative phase frequency response of the
proposed vector modulator for eight different bias points are shown in
Fig. 8(a) and (b), respectively.

S
j� j
L

(Vgs = 0) � lim
R !0

S
j� j
L

= 0 (13)

S
j� j
L

=
4ZoRds!

2 Lx 1 + !2R2
dsC

2
x � R2

dsCx

(Zo �Rds)2 + (!RdsCxZo)2 +� � (Zo +Rds)2 + (!RdsCxZo)2 +�
(14)
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Fig. 6. Photograph of the improved vector modulator.

Fig. 7. Measurement result ofs of a vector modulator using the proposed
technique.

V. CONCLUSION

The analysis of the effect of the cold-FET parasitic elements on the
bi-phase modulator and vector modulator has been described. It has
been shown that the junction capacitances cause the�T to deviate from
the real axis of the Smith chart. A new simple technique to correct
for phase distortion and extend the dynamic range of attenuation has
been developed. The asymmetry of modulator insertion loss between
the two bias extremes, i.e.,Vgs = 0 and near pinchoff, is also corrected
by simply adding a shunt resistor. Simulation and experimental results
demonstrate the effectiveness of the proposed technique.
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Lx =
1

2

Z
2
o (1 + !RdsCx)�R

2
ds + Z4

o (1 + !RdsCx)2 +R4
ds (1 + 4!2Z2

oC
2
x)� 2!R3

dsCxZ
2
o � 2R2

dsZ
2
o

(!Rds)2Cx

(19)
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