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A compact semi-lumped tunable
complex-impedance transformer
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This article describes the design and performance of a compact tunable impedance transformer. The structure is based on a
transmission line loaded by varactor diodes. Using only two pairs of diodes, the circuit is very small with a total length of only
M1o. Both the frequency range and the load impedance can be tuned by varying the varactor bias voltages. Our design
provides a tunable operating frequency range of +40% and an impedance match ranging from 20 to 9o {2 at 0.8 GHz
and from 30 to 170 ) at 1.5 GHz. In addition, a new approach that considers losses for the simulation and measurement
of this impedance transformer was investigated. The measured performance of a 1 GHz prototype design confirmed the

validity of this new approach.
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. INTRODUCTION

One of the most formidable challenges in the field of micro-
wave telecommunications is designing tunable devices. In
the near future, more and more applications will require
systems that can operate over variable frequency ranges.
Tunable impedance transformers are important in appli-
cations such as transistor impedance matching over a large
tunable bandwidth for maximum gain or minimum noise
factor purposes, in designing tunable power dividers, in char-
acterizing Monolithic Microwave Integrated Circuit (MMIC)
transistors, and in general matching networks.

Microwave impedance transformers and matching net-
works are based either on transmission-line sections having
specific characteristic impedances, or on L, T, or II structures.
The most usual section type is the quarter-wave impedance
transformer, while L, T, or II structures can be realized by
using lumped elements like CLC (capacitor-inductor—capacitor)
devices [1], or by using single- or double-stub structures.

The overall length of transmission-line-based structures can
be reduced by loading a high impedance line with capacitors
[2]. Such devices can also be made tunable if the fixed capaci-
tors are replaced by tunable capacitors, such as varactor diodes
or Micro Electro Mechanical Systems (MEMS) capacitors.
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In the last decade, several authors have proposed the use of
transmission lines loaded by switches in series or in parallel to
realize tunable impedance transformers [3, 4, 5]. These first
devices demonstrated the impedance transformer principle
but they cover a small part of the Smith chart. Based on a
CLC structure and a quarter-wave transformer, a resonant
cell topology [6] has been used in several configurations
[7, 8, 9]. In spite of a medium Smith chart coverage, the
length of these devices is important because they are realized
with a minimum of two quarter-wave transformers.

With the MEMS switches and MEMS varactors develop-
ment, other designs based on single-stub [10], double-stub
[11, 12, 13] or triple-stub topologies [14, 15] have also been
realized. Most of these devices need lots of MEMS switches
or varactors complicating the bias commands. Moreover,
these impedance transformers require large surface to cover,
in general, small or medium part of the Smith chart.

Lots of these impedance transformers are demonstrated to
be used as tuners and some of them are used to realize antenna
[9] or transistor [16] matching. Recently, new and improved
tunable impedance transformers have been described. A very
compact lumped-element CLC impedance transformer with a
+36% tunable bandwidth for a 50 ) load was demonstrated
[17]. Some designs, based on transmission lines with variable
characteristic impedance, were also presented [18, 19]. These
devices are original but not lead a large coverage of the Smith
chart. A double-slug impedance tuner, based on a distributed
MEMS transmission line and employing 8o RF-MEMs switches,
could produce 1954 different complex impedances around the
center of the Smith chart [20]. This device is also original but
we note the important number of MEMS switches witch compli-
cate the bias commands. A MEMS impedance tuner was realized
at 25 GHz [21]. This design was used with MEMS varactors, and
provided continuous impedance coverage. Compared to the
other impedance transformers referenced in this paper, this
MEMS impedance tuner is optimized in term of surface, variable
element number, and Smith chart coverage.
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Table 1 resumes the impedance transformers topology and
performance. Lot of these examples required more than three
varactors, complicating the circuit with numerous bias vol-
tages. Those based on quarter-wave transmission lines result
in physically long structures with narrow bandwidths.

Moreover, many of these designs were characterized only
for a 50 () load, so that the insertion loss was known only
for that particular case. In some instances, only S,, was
measured, resulting in no information on insertion loss.

This article describes how a tunable and compact impe-
dance transformer, using only two pairs of varactors, was
designed. Two different methods for the optimization and
experimental characterization of the circuit were developed.
The first and the simplest method was based on the syn-
thesized impedances representation with a 50 () load. In this
case, the synthesized impedance was extracted from the S,,
parameter. The insertion loss was not measured for complex
loads.

The second method was much more complete: the return
loss and the insertion loss of the transformer, loaded by a
complex impedance, were calculated and measured using an
external tuner. We emphasize that the first method is accurate

only for lossless devices, as it cannot extract the characteristics
of lossy circuits.

In a previous study [24, 25], we demonstrated the ability of
a new topology to design a tunable complex-impedance trans-
former, operating at 5 GHz. Its length was ~A/3 and it needed
only two varactors. Its key features were a large matching
impedance range, from 5 to 300 (), and a tunable frequency
range of +15%. However, this prototype exhibited significant
insertion loss, from 2 to 6 dB, owing to the use of low-Q var-
actors, resulting in a nonoptimized design.

This article describes the design and performance of a new,
more compact, and better optimized configuration than the
one presented earlier [24]. The design procedure leads to a
small A/10 long transformer with reduced insertion loss.

This article is organized into six sections. Section II details
the principle of the impedance transformer. The transform-
ations from 50 ) to possible complex impedances are illus-
trated on Smith charts. Section III presents the development
of two different simulation approaches: “synthesized impe-
dance” method, and the “matching load” method. The two
methods are compared in the case of lossy and lossless circuits.
Section IV discusses the design of an impedance transformer

Table 1. Impedance transformers topology and performance.

Impedance transformer
type + operating
frequency

Variable capacitor

Technology

Dimensions Smith chart coverage

Transmission line

1*1 mm?, A/5*A/s5 Very small, some complex

impedances

[3], 27 GHz 4 MIM capacitors + Monolithic, GaAs
HEMT transistors
[5], 18 GHz 8 pHEMT switches Monolithic, GaAs

[22], 20-50 GHz
[20], 12-25 GHz
[21], 27-30 GHz

[23], 0.05-2 GHz
[19], 0.9 GHz
[18], 2.14 GHz

Resonant cell
1 resonant cell [6],

8 MEMS switches
80 MEMS switches

4 MEMS varactors +
1 MIM capacitor

FET switches

2 varactors

p-i-n diode

3 varactors

Monolithic, glass &, = 4,6
Monolithic, quartz &, = 3,8
Monolithic, Si

Hybrid, Rogers €, = 3

Hybrid, RF35 &, = 3,5

Hybrid, Rogers TMMa1o0i

2.4 GHz

2 resonant cells [7], MEMS varactors Monolithic, quartz
23 to 25 GHz

1 resonant cell [9], 12 diodes p-i-n Hybrid
0.39 GHz

Stub

Double-stub [8], 12 MEMS switches Monolithic, quartz
29-32 GHz

Double-stub [11], 8 MEMS switches Mixed, Si and alumina
10-20 GHz

Double-stub [12], 8 MEMS switches Mixed, Si and alumina
10-20 GHz

Double-stub [13], 6 MEMS switches Monolithic, Si &, = 11.7
10 GHz

Double-stub [16], 4 MEMS switches + Monolithic
8-12 GHz 1 varactor

Triple-stub [14], 11 MEMS switches Monolithic, glass &, = 4,6
6-20 GHz

Single-stub [10], 10 MEMS switches Monolithic, glass &, = 4,6
20-50 GHz

Triple-stub [15], 5 varactors Hybrid, duroid &, = 6,15
4.5 GHz

2.4%0.8 mm>, A/3*A/9
2.5%1 mm?>, A/2*A/5

10 mm, A

0.49%0.12 mm?,
A/8%A/30

30%*30 mm?, A/8*A/8
A4

A2

3.7%2 mm?®, A/2*\/4

3*2 mm?®, A/2%A/3
3N 24
18%11 mm?,

1.31%0.8A
6*7 mm?>, A/2*A/2

7.3%7.3 mm?>, A/2*\/2
5.6%3.6 mm?, A*3A/2

28 mm, A

Small, 750 complex impedances

Medium, 256 complex
impedances

Medium, 1954 complex
impedances

Good, continuous

Good, 36 complex impedances

Small, continuous
Very small, 50, 89, or 200 £}

Continuous from 4 to 392 ), no
complex impedances
Medium, continuous

Medium, 4096 complex
impedances

Small, 49 complex impedances

Small

Small to good, 256 complex
impedances

Small, 64 complex impedances

Small, (transistor matching)

Medium to very good

Good

No measurement of complex
impedances
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for a proof of concept. This device is realized in a printed
board hybrid technology. The simulated and measured
results obtained by the two different methods are compared
in Section V. Finally, Section VI contains concluding remarks.

Il. PRINCIPLE

The equivalent electrical circuit of the complex-impedance
transformer is shown in Fig. 1. Its total electrical length is 6,
and it consists of three transmission-line sections of equal
characteristic impedance Z, and different electrical lengths
0,, 0,, and 6,. The transmission line is loaded by two
tunable capacitors C,, and C,,.

Assuming that the electrical length 6; (i = 1, 2, or 3) of each
section is small as compared to the electrical wavelength (A° =
27), a section can be replaced by its lumped-element
equivalent circuit, as shown in Fig. 2(b). The characteristic
impedance Z, and phase velocity v,, of the transmission line
are defined thus

L 1
ZC: - d ==
/;a“ Ye = Jic ®

where L is the inductance and C the capacitance per unit
length of the transmission line.

From the lumped equivalent circuit of a section (see
Fig. 2(b)), Z.; and v,, can also be expressed thus

Z L and S B
;= an Vi = s 2
TV G+ Cy T VILCH C)

where L} = LI; and C/ = CI;. The quantities, L} is the equival-

ent inductance and C; the equivalent capacitance of a section

of physical length I;:

_ 9,‘ c
27f oy

where c¢ is the light celerity and &, the effective dielectric
constant.

(3)

i

(d) ' (c)

Zeiy Voi

Fig. 2. Equivalent circuits of one section of the impedance transformer.
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Each section of the impedance transformer is equivalent to
a transmission line with a tunable characteristic impedance Z,;
and phase velocity v, (see Fig. 2(c)). The maximum tunability
of Z; and v, was obtained when C;/ « C,;. This condition was
satisfied when Z, was large, leading to the simplified equival-
ent electrical circuit of Fig. 2(d).

If Z. is large and if the total electrical length 6 is small as
compared to the wavelength, the equivalent circuit of the
complex-impedance transformer can be simplified, as shown
in Fig. 3. This simplified equivalent electrical circuit will be
used to explain the principle of the complex-impedance trans-
former. Each section has now been replaced by its equivalent
inductance L;. The quantities Z;,, Zrci, Z1. Zico and Zyy,
are the output impedances as seen at different transverse
planes indicated by the dotted lines, when the input port is ter-
minated by 50 (). The Smith charts of Fig. 4 show the principle
of all the impedance transformations, starting from the 50-Q)
input port in (a) to the output impedance Z,,, in (e). These
transformations assume a fixed frequency and no losses.
In the impedance chart of Fig. 4(a), one can see that the

Impedance transformer

(L Zie
‘-._/)

Fig. 3. Simplified equivalent electrical circuit of the complex-impedance
transformer.

Input port
- 500
pagy s @

Cotmin

- _C'\'lenn

7

Fig. 4. Principle of impedance transformations. The impedances (a) Z1,
() Zret, (€) Zi2, (d) Zic2, and () Zo,, are synthesized at the transverse
planes of the impedance transformer, as shown in Fig. 3.
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inductance L] transforms the 50 () input impedance to Z;, at
the output end of inductor L. In the admittance chart of
Fig. 4(b), it can be seen that the variable capacitive admittance
wC,, transforms Z;, to a range of admittances Y;¢,. The Y; ¢,
output admittance values are part of the circle defined by
@0Cyimin and @C,ymae Where C,imin and C, . are the
minimum and maximum capacitance values. A second L'C,
section is necessary to transform this circular arc into a
surface, as shown in the impedance and admittance charts
(Figs 4(c) and 4(d)). The final inductance L; allows the achiev-
able Z,,,, area on the Smith chart to be rotated. This area corre-
sponds to a value of S,, when the output is terminated by 50 ().

. OPTIMIZATION METHOD

The Smith charts given in Section II show that the Z,,, impe-
dance area depends on the three inductances L;, L}, and L,
the minimum and maximum values C,,;, and C,,, of the two
capacitors, and the operating frequency f. All these parameters
need to be optimized according to the tuner application. In
this section we develop and compare two different methods
for optimizing an impedance transformer. The first method is
based on the display of the Z,,, area (see Fig. 4(e)) using the
S,, parameter for a 50 () load. Examples of synthesized impe-
dances obtained by this method are shown in Subsection IITA
below. The second method calculates the S,, and S,, parameters
when the impedance transformer is loaded with complex impe-
dances. The principle of this “matching load” method is given in
Subsection ITIB. In Subsection ITIC we compare the two methods
with a typical example. The comparison is made both by includ-
ing and omitting the losses to determine their effect on the
second optimization method.

In practice, not all the elements constituting the impedance
transformer are ideal. In the optimization process, the com-
plete equivalent electrical circuit of a commercial varactor
diode (Fig. 5) was considered. M/A-COM™  varactors
(MA4ST-1240) with a series inductance L, = 1.2 nH, a series
resistance R, = 1.6 (), a case capacitance C, = o.11 pF, and a
tunable capacitance C(V) ranging from 1.5 to 8.6 pF were
used. A single varactor was used to realize each tunable capaci-
tor in Fig. 1. To compare the two approaches, we specified that
the impedance transformer should have the parameters Zo =
200 ), 6, =15 6, =15 and 6, = 8°. Ideal transmission
lines were assumed for the simulations.

A) First approach: the “synthesized
impedance” method
The first approach, the “synthesized impedance” method, is

based on the display of the S,, parameter when the impedance
transformer is loaded by 50 (). Many state of the art tuners are

Fig. 5. Equivalent circuit of the reverse-biased varactor diode.
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just characterized this way, and so insertion loss versus the
load, is not known.

Figure 6 shows the synthesized impedances of the impe-
dance transformer at (a) o.5 GHz, (b) 1 GHz, and (c)
1.5 GHz. The thick lines correspond to a fixed minimum or
maximum value for the capacitance of one varactor and a
complete variation of the other. In some cases, this area is
not sufficient to show all possible synthesized impedances.
With intermediate values of the two capacitors, all the
shaded area shown in Fig. 7 can be covered by this impedance
transformer. The synthesized impedance area in Fig. 7(b) is
larger than the area in Fig. 6(b). In this section, simulation
results are shown as in Fig. 7. In Section V, measured
results are presented as in Fig. 6.

B) Second approach: the “matching load”
method

For the second method, the impedance transformer was
loaded by complex impedance. The setup shown in Fig. 8 cor-
responds to a typical real working configuration of the trans-
former, for example when it is used as a matching network for
a transistor. Here, the input return loss S,, and insertion loss
S,, of the impedance transformer were investigated. In the fol-
lowing discussion, we refer to this approach as the “matching
load” method.

The simulations were done by a Mathematica [26]
program, developed to automatically calculate the Smith
chart coverage for the entire range of varactor capacitances.
A flowchart of the program is given in Fig. 9.

Figure 10 shows all the complex loads that were tested by
the program. For each load, the cascade ABCD and S matrices

SOy
/ / ¥,
(a) ' (b) (c)

Fig. 6. Synthesized impedances at (a) 0.5 GHz, (b) 1 GHz, and (¢) 1.5 GHz.

(a)

Fig. 7. Total area of the synthesized impedances at (a) 0.5 GHz, (b) 1 GHz,
and (c) 1.5 GHz.

Impedance
transformer

S, § |:Sf_::-_:>

Output
] Complex load

Fig. 8. Experimental setup for the measurement of S,, and S,,.
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Fig. 9. Flowchart for the Mathematica simulation program.

1 :
]
Il:fli;‘;’: ; : ‘: : "_.o.. s "Ev)fll
s DDLU
S S X

i i~

Fig. 10. Complex loads generated by the program.

of the impedance transformer were calculated, with two cri-
teria |S,,|max and |S,; |min applied to the [S,,| and |S,,| par-
ameters. The two capacitor values, C,, and C,, that satisfy
the two criteria were extracted. Then the “matching load”
area was plotted on the Smith chart. Equations for calculating
S parameters in the case of a complex load are [27]:

AZoy + B — CZ} Zoyy — DZ,

Sll " b
AZout + B+ CZmZout + DZin (4)

2(AD — BC)(Re(Zin)Re(Zout))"*

812 - 5
AZout +B+ CZinZ(mt + DZin (5)
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S = 2(Re(Zin)Re(Zout))l/2 (6)
o AZout + B+ CZinZout + DZin ’
s _ ~AZy+ B~ CZuZ}y + DZiy o)
2 AZout + B+ CZinZout + DZin ’

where Re(Z;,,) and Re(Z,,,) are the real parts of the input and
output impedances, respectively.

Comment: The simplified equivalent circuit of Fig. 3 is
used in order to understand and easily visualize all the impe-
dance transformations on the Smith chart. However, in the
simulation process, for the “synthesized impedance” and
“matching load” methods, we have compared equivalent elec-
trical circuit of Figs 1 and 3 by using ABCD transmission-line
matrix and ABCD inductance matrix, respectively. We have
demonstrated that results are identical for small length impe-
dance transformers and similar for longer devices. In this
paper all the simulations shown in the figures have carried
out with the equivalent electrical circuit of Fig. 1 ie. with
the used of real transmission lines.

C) Comparison between the two methods

In this subsection, simulation results of the impedance trans-
former obtained by the two different methods and described
at the beginning of Section III are compared. Results are
shown for the 1 GHz center frequency. In Sub-subsections
1), 2), and 3), the two methods are compared with the varactor
R; as a parameter. In Sub-subsection 4), we demonstrate that
the results obtained when an impedance transformer was opti-
mized using the “synthesized impedance” method, without
considering losses, can be quite different from those obtained
when the varactor losses were included.

1) LOSSLESS VARACTORS
In lossless microwave devices, the S-parameter moduli are
related by

|Sll|2 + |S7_1|2= 1. (8)

For a matching criterion |S,,| < —20 dB, relation (8) leads to
|S,.| > —o0.04 dB. With the criteria |S,;|max = —20 dB and
[S21]min = —0.04 dB, Fig. 11 shows the “conjugate synthesized
impedances” and the “matching loads” obtained from the two

Fig. 11. Simulated coverage areas according to the “conjugate synthesized
impedances (S,,*)” approach (=) and the “matching loads” approach
(eee), at 1 GHz without varactor’s series resistance, i.e., lossless varactors.
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different methods. In this lossless case, the results of the two
methods are perfectly superposed.

2) LOSSY VARACTORS
In this sub-subsection, the varactor series resistance R, was con-
sidered. Figure 12 shows the results obtained from the two differ-
ent methods when [S,,|n.c = —20dB, for several [S,,|max
values. Because of R,, the “matchingload” method gives no poss-
ible loads when |[S,,|min = —0.1 dB; for |S,,| < —2 dB, the
covered areas remain small. In this case, a perfect superposition
of the results obtained by the two methods is never obtained.
These results show that for lossy varactors, the “conjugate syn-
thesized impedance” method, which is much simpler for exper-
imental characterization, fails to give the correct covered area.
Figure 12 proves the importance of the “matching load”
method to know the insertion loss of the device versus this
complex load. So, a 50 () measurement is not sufficient to
characterize the tuner insertion loss.

For further simulations, the criterion |S,, | nin = —2 dB was
applied.

3) INFLUENCE OF THE VARACTOR SERIES

RESISTANCE Ry
In this sub-subsection the complex-impedance coverage was
investigated by varying the series resistance R, of the varactor
as a parameter. Figure 13 compares the results obtained from
the “synthesized impedance” and “matching load” methods,
with |S,,|max = —20dB and |S,,|min = —2 dB. For each
Smith chart, the areas obtained by the two methods decrease
as R increases.

The difference of area between the two methods increase
with R so for a fixed complex load the insertion loss increases
with R,.

4) APPLICATION EXAMPLE

To investigate the impact of choosing the design method, an
impedance transformer was designed to cover the largest poss-
ible area, while using the “synthesized impedance” method.
The same MA4ST-1240 M/A-COM™ varactor (R, = 1.6 )
was used and the characteristic impedance of the line was
also fixed to 200 (). The maximum “conjugate synthesized
impedance” area was obtained when 6, = 40°, 6, = 15°, and

1821 lin = -0.1 dB

21 hin = -0.5 dB 1821 lin = -2 dB

851l = -3 dB

Fig. 12. Simulated coverage areas at 1 GHz according to the “conjugate
synthesized impedance” (S,,") method (=====) and the “matching load”
method (e ee), when R, = 1.6 (). Results are plotted for [S,,|min values from
—o0.1to —20dB.
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R,=0Q R, =0.5Q R, =1Q

Fig. 13. Simulated 1 GHz coverage areas according to the “conjugate
synthesized impedance” (S,,") method (mes) and the “matching load”
method (e ee). Here the varactor series resistance R, is varied.

0, = 8°. The same transformer was then simulated using the
“matching load” method, with the criteria [S,,| < —20dB
and |S,,] > —2 dB. Results are compared in Fig. 14. A few
loads allowing 1S,,] < —20dB and |[S,,|> —2dB were
found at 1 GHz (see Fig. 14(a)), but no loads were found at
1.5 GHz (see Fig. 14(b)). However, a large area was obtained
with the “conjugate synthesized impedance” method.

These typical results bring to the fore the importance of the
design method. For lossy varactors the “synthesized impe-
dance” method, which is used by several researchers in the
field, can be very inaccurate because insertion loss information
cannot be obtained.

The same impedance transformer (6, = 40°, 6, = 15°, 6, =
8°,and Z. = 200 2) was simulated by the two methods assum-
ing R; = 0.5 {) (see Fig. 15). The covered areas of the “matching

Fig. 14. Simulated coverage areas according to the “conjugate synthesized
impedance” (S,,") method (=) and the “matching load” method (e ee),
at (a) 1 GHz, and (b) 1.5 GHz for a 40°-15°-8° impedance transformer,
with Ry = 1.6 Q.

Fig. 15. Simulated coverage areas according to the “conjugate synthesized
impedances” (S,,*) method (===) and the “matching load” method
(eee), at (a) 1GHz, and (b) 1.5GHz for a 40°-15°-8° impedance
transformer, with R, = 0.5 ().
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load” are very different compared to the results with R, = 1.6 Q)
(Fig. 14).

To bring to the fore the importance of the “matching load”
method, we can compare Fig. 15(a) with Fig. 13 (R;= 0.5 {2)
and Fig. 14(a) with Fig. 13 (Ry=1.5()). These results
obtained with the same varactors give totally different
covered area. So an important difference between the two
different methods of simulation is clearly pointed out. We
note that insertion loss is more critical for this topology
(6, = 40°, 6, = 15", and 60, = 8°) than for the first topology
(6, =15° 6,=15" and 6, = 8°).

It is obvious that in the case of lossy varactors, ie. the
reality in most cases, the “matching load” method has to be
used in order to calculate and optimize by simulation the
different parameters as the electrical length and the character-
istic impedance of each transmission line, in order to achieve a
maximum covered area in the Smith chart.

V. PROTOTYPE DESIGN

To demonstrate the principles developed in Sections II and
III, a tunable impedance transformer proof of concept was
designed for a 1-GHz working frequency. The circuit was opti-
mized with a Mathematica program using the “matching
load” method. Commercial varactors (M/A-COM™ type
MA4ST-1240) were used. Their L= 1.8nH, R,=1.6(),
and C, = o0.11 pF. The C(V') range, extracted from experimen-
tal results, was 1.0-8.6 pF for a bias voltage V range from 12 to
o V. Coplanar waveguide (CPW) was used, the prototype
being fabricated on a RogersTM RO4003 substrate (e, =
3.36, tan(d) = 0.0035, dielectric thickness 0.813 mm, and
copper thickness 35 pum). The transmission-line characteristic
impedance was set at 200 (), leading to a CPW central con-
ductor width of 250 pwm and a gap of 2.8 mm. Two varactors
were used in parallel to realize the tunable capacitors. This is
necessary for CPW symmetry and to lower effective series
resistance.

The fabricated proof of concept is shown in Fig. 16. By pro-
viding an air gap in the ground plane, separate reverse biases
V, and V, can be applied to the two pairs of diodes. Surface

Vi V,

~ Varactors

Surface mounted
capacitors

Fig. 16. Photograph of the impedance transformer.
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mounted capacitors were used to ensure ground continuity
for the RF signal.

The overall electrical length was 38° (6, = 15°, 6, = 15°,
and 6, = 8°), corresponding to ~A/10. The effective &, was
1.75, leading to I, = 9.4 mm, [, = 9.4 mm, and [, = 5 mm.

V. RESULTS

In this section, the simulated and measured results obtained
by the two methods are compared.

In Subsection A, the tunable frequency range of the impe-
dance transformer loaded by 50 () is shown. In Subsections B
and C, the simulated and measured results obtained from the
“synthesized impedance” and “matching load” methods are
compared.

For the simulations, lossless transmission lines were
assumed but all parasitic elements of the diodes were con-
sidered. Measurements were made using a Wiltron 360
vector network analyzer (VNA).

A) Tunable frequency range for a 50-{2 load

An initial measurement using a 50-{) load was made to extract
the tunable bandwidth and to confirm the varactor’s equival-
ent electrical model.

Figure 17 shows the frequency tunability of the complex-
impedance transformer. Simulated and measured results for
the parameters S, and S,,, obtained for the extreme tunable
frequencies, are shown. These correspond to the extreme
capacitances of the variable capacitors. These results show
that the transformer can be continuously tuned from 0.6 to
1.6 GHz, that is, +60% around 1 GHz, with |S,,| < —20 dB
and |S,,| > —2 dB. Good agreement between simulated and
measured results was obtained for the whole tunable fre-
quency range.

B) “Synthesized impedance” method

In the experimental setup shown in Fig. 18, the impedance
transformer was inserted between the two ports of the VNA,
and a coaxial SOLT (short-open-load-through) calibration
procedure was applied between the calibration plans P, and
P,. The §,, parameter was measured at the impedance trans-
former output. The phase shift ¢ due to the SMA connector

0 3

-10 2
20 1
o [7)
ke R
=-30 0=
- o
@ o

-40 -

\
-50 \ i -2
\ y \
P v \ %

0 05 1 15 2
Frequency (GHz)

Fig. 17. Simulated (--) and measured (—) frequency tuning ranges for a fixed
50-{) load.
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Fig. 18. Experimental setup for the measurement of S,,.

05 GHZ

. -

0.6 _GHz

Fig. 19. Simulated S,, values ( === ) compared with measured results (e e ).

used in the prototype of Fig. 16 is given by
¢=—1555f, ()

where fis the frequency in GHz. This phase shift is taken into
account in measurement results.

Figure 19 compares the simulated and measured results
from o.5 to 2 GHz. The conditions are the same as in Fig. 6,
with one varactor bias being fixed at its minimum or
maximum value and the other being varied over its full range.

The tunable S,, area changes with the working frequency,
and maximum coverage was obtained between 1.0 and
1.2 GHz. A good agreement between simulations and mea-
surements was obtained for all frequencies.

The area of impedances covered by our device is compar-
able to best results obtained in the literature [10, 21] measured
in this way, with a 50 () load. However, our device is much
more simpler.

C) “Matching load” method

With the two criteria |S,,| < —20dB and |S,,| > —2dB,
Fig. 20 shows the simulation results obtained when the oper-
ating frequency was varied from o.5 to 2.0 GHz.
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Fig. 20. Simulation results for the “matching loads” method with the criteria
[S,,] < —20dB and |S,,| > —2 dB versus frequency.

Measurements were carried out using an experimental
approach similar to that used for the simulations. A mechan-
ical tuner [28] was used as a complex load for the tunable
impedance transformer under test. The measurement steps
for the calibration are detailed in Fig. 21. First, a coaxial

] VNA (reference ——_
~ | impedance: 50 Q) |

M50 Q
L /,"'coﬂxia]
N . Calibration lines
P| PE
(a)

——1 VNA (reference ——
~ | impedance: 50€) |

Mechanical =
tuner =

Complex Eﬁ
impedance /7 P, P,

(b)

VNA (reference impedance:
50 €)

1 _
/ Complex
( impedance ,:j,'
Impedance ] Mechanical |
transformer tuner
P| . B Ps
Sn Eﬁ S
(c)

Fig. 21. Principle of the setups for the measurement of S,, and S,,: (a)
calibration planes, (b) load impedance measurement, and (c) measurement
of S parameters.
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SOLT calibration was used to define reference plans P, and P,
(see Fig. 21(a)). Then the input impedance of the mechanical
tuner was measured, as shown in Fig. 21(b). Finally, the |S,, |
and [S,,| parameters of the tunable transformer, loaded by the
mechanical tuner, were measured (see Fig. 21(c)). We assume
that the insertion loss of the mechanical tuner was negligible
for the extraction of the insertion loss |S,,| of the impedance
transformer. The phase shifts of the SMA connectors are taken
into account in measurement results.

The measured results are shown in Fig. 22 for three different
frequencies: 0.8, 1.0, and 1.5 GHz. The lowest frequency was
0.8 GHz owing to the limited mechanical tuner bandwidth.
The Smith charts show all the points for which the criteria
|S,.] < —20dB and |S,,| > —2 dB were satisfied. Each of
these complex loads was associated with a pair of bias voltages
(V,, V,), corresponding to two varactor capacitance values
(va Cvz)-

As this measurement procedure is much more time
consuming than the “synthesized impedance” method, fewer
measured load points were obtained, resulting in a “matching
area” that is not so well defined as the simulated area.

The agreement between the measured results of Fig. 22 (a,
b, c¢) and the simulated points in Fig. 22 (d, e, f) is good. The

Fig. 22. Measured matched complex loads, under the conditions —|[S,,|
< —20dB and |[S,,| > —2 dB, at three frequencies: (a) 0.8 GHz, (b) 1.0 GHz,
and (c) 1.5 GHz. Simulations extracted from Fig. 20 in the same conditions:
(d) 0.8 GHz, (e) 1.0 GHz, and (f) 1.5 GHz.

[S11] et [521] (dB)
3

-15

OIS | G SR CRW Tl WA M I

-
=
-
n

Fig. 23. Measured results for three different complex loads at 1 GHz, with the
criteria |S,,| < —20dB and |S,,| > —2 dB.
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measurements show a large “matching area” that is slightly
smaller than the simulated area.

Figure 23 shows typical measured results obtained at
1 GHz for three different complex loads.

Conclusions and prospects: We believe that the totality of
the results presented here validates our approach to both the
design and the measurement methods.

VI. CONCLUSIONS

A principle for designing a compact tunable impedance trans-
former, based on a single transmission line loaded by only two
pairs of varactors, has been proposed. The length of the trans-
former is only A/10. A prototype with a 1 GHz center working
frequency has been realized using commercial varactor diodes.

A good agreement has been obtained between the simu-
lations and measurements and, as expected, the network pro-
vided a large coverage of the Smith chart (real part from 20 to
90 () at 0.8 GHz and from 30 to 170 () at 1.5 GHz), with a
range of tunable working frequencies over +40%.

Two different approaches to the design and measurements
have been investigated. It is shown that an external tuner is
necessary for accurate determination of the Smith chart
coverage.

A MMIC prototype, in a 0.35 wm BiCMOS technology, is
under development. It is believed that such an impedance
transformer can be a good candidate for tunable matching
of an amplifier embedded in a reconfigurable front-end.
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APPENDIX

Figure 24 shows a simplified RC equivalent circuit of a single
varactor diode inserted between a source impedance Z;, and
an output load impedance Z,,,;.

We denote Zs;, the input impedance as seen from Z;,.
In admittance form this is

1 1
—_— + . >
R, + (1/]Cw) Re(Zout) +j Im(Zout)

where Z,,; = Re(Z,,,) + jIm(Z,,,,). The input can be matched
when Zs;, and Z;, are complex conjugates, that is when Zs;,, =
Z;,,", or equivalently, Ys;,, = Y;,*, leading to

1 1
— T :
Ry + (1/jCw) ~ Re(Zow) + jIm(Zows)
_ 1
" Re(Zin) — jIm(Zy,),

where Z;,, = Re (Z;,,) + jIm (Z;,). Thus the output admittance
that can be matched is

1 1
- RC(ZDM) +jIm(Zout) N _Rs - (1/ch)
_;’_ ;
Re(Ziy) — jIm(Z;,)

YOHf

This corresponds to the impedance determined from the
measurement of S,, and S,,, as shown in Subection IIIB.

Let us now calculate the output admittance Ys,,, as seen
from Z,,,, as shown in Fig. 25. This is the impedance that is
extracted from the measurement of S,,, as in Subection IITA:

1 1 1
"= R = (1/jCw) | RelZ) —jIm(Zp)’

* —_—
YSou[ - VA

Sout

Zr'u Z-"'r'u R; an’

C

1
1

Fig. 24. Input impedance Zs;, seen from Z;,.
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ZSour
Zin R, Zout

1.
1

Fig. 25. Output impedance Zs,,,, seen from Z,,;.

At this point, it becomes obvious that Y,,, and Ys,,* are
different. This is because R, is not equal to zero. These
equations explain why the two measurement approaches
investigated in Subections IIIA and B do not lead to the
same results when the series resistance of the varactors is

considered.
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