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Abstract—Compact K-Band CMOS baluns are designed, fabricated
and characterized in a 130 nm CMOS technology. These baluns
include a tunable active balun, a L-C lumped element balun, and two
asymmetric planar transformer baluns. The detailed design processes
are presented, including the topology selection, the transistor, inductor
and transformer sizing, and the layout considerations. These topologies
are compared in various aspects such as insertion loss, phase and
amplitude imbalance, bandwidth, chip area, power consumption, and
the difficulty to design and integration. An impedance tuning approach
is implemented to chose the proper balun topology and to simply
the balun integration. The baluns are on-wafer characterized and the
measurement results compare the state-of-the-art realizations.
1. INTRODUCTION
The balun is an important component in RF and microwave circuits
and is implemented in many circuits such as balanced mixers [1–3],
frequency dividers [4, 5] and differential amplifiers [6, 7]. In hybrid
circuits passive baluns are commonly used [8–11], while in RFIC
and MMIC designs both active baluns and passive baluns are widely
implemented. For ICs work below 4 GHz, since the passive baluns are
too bulky to realize on chip, usually active baluns are implemented [12–
14]. For ICs work above 4 GHz, compared with active baluns [15, 16],
passive baluns are more intensively studied, such as lumped-element
baluns [17], transformer baluns [18–20] and Marchand-type baluns [21–
24].
Since there are a lot of choices for baluns operating at higher
frequencies, the selection of the proper balun topology for integration
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becomes complex. This paper focuses on the design and integration
of K-band CMOS baluns, while different topologies are analyzed
and compared with each other. The design processes of an active
balun, a lumped-element balun and transformer baluns are presented.
Various figures of merit are compared, such as insertion loss, phase
imbalance, amplitude imbalance, bandwidth, and chip area. Based
on the analysis, the case-dependent optimum topology for specific
applications is discussed.
The balun integration is also a popular topic. Usually the load
impedance of the balun is not at 50 Ω, such as for mixer integration
where the balun load is capacitive [1–3]. Therefore, re-design of the
balun is required. In this paper an impedance tuning approach is
proposed to simplify the integration process. The insertion loss (IL),
amplitude imbalance (∆A) and phase imbalance (∆φ) of the baluns are
simulated while the load impedance is tuned at a particular frequency
and the performance contours are plotted on the smith chart. Based
on the results the proper balun topology could be chosen, while the
re-design and integration process could be simplified.
This paper is organized as below. The design aspects of the
baluns of various topologies will be discussed in Section 2. Section 3
discusses the impedance tuning approach and its application in balun
integration. The measurement results and discussions are presented in
Section 4. Section 5 concludes the article.
2. BALUN DESIGN AND COMPARISON
2.1. Active Balun
Among the various topologies of active baluns [12–14], the commonly
used topology is the differential amplifier topology. As shown in
Figure 1(a), a conventional differential amplifier can be used as an
active balun. The RF input is the gate of M1, while the gate of
M2 is connected to the RF ground. The common source transistor
M1 produces 180 degree phase shift and the common gate transistor
M2 does not produce any phase shift. This topology suffers from
several problems when frequency goes higher. Firstly, the 180 degree
phase shift of M1 and 0 degree phase shift of M2 becomes inaccurate.
Secondly, M1 and M2 can not produce the same gain. When the
current density is equal, the common source transistor has much higher
gain than common gate transistor. Therefore, the active balun suffers
from both phase imbalance and amplitude imbalance.
In order to overcome these problems, the active balun is redesigned and the schematic is shown in Figure 1(b). A cross coupled
transistor pair is added between the transistor drains and balun
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Figure 1. Schematics of (a) a conventional active balun; (b) the
proposed active balun.
outputs. Varactor pairs C1 and C2 are inserted between the gate
and source of the cross coupled transistors to control the power split
ratio. By tuning the varactor capacitance, the coupling between the
two branches varies. Therefore, the RF power can be re-distributed
between the two branches, and the power imbalance is tunable. In
order to tune the phase imbalance, a varactor pair C3 is shunted with
the series capacitor used in the output matching network of one branch.
To maintain low insertion loss, C3 capacitance is much less than the
series MIM capacitor. Tuning the varactor C3 results a phase change.
The transistor sizes are optimized for gain and NF. The current
source transistor M3 is designed with 8 × 12.5 µm transistor width and
1 µm transistor length. The voltage drop acorss the current source is
minimized to around 0.1 V. The M1 and M2 transistor size is 16×4 µm,
while the M4 and M5 transistor size is 16 × 6.25 µm. The length of
these transistors are minimized to 130 nm.
Figure 2 shows the simulated amplitude and phase imbalance
versus C1 and C3 capacitance. The simulation frequency is 24 GHz.
The default capacitances of C1 ∼ C3 are 0.1 pF, 0.3 pF, 0.06 pF,
respectively. The Q-factors of the varactors are set to 5. It can be
seen that C3 has a large influence on ∆φ and C1 has a large influence
on ∆A. By changing the biasing voltage of the varactors, ∆A varies
by ±2 dB and ∆φ varies by ±10 degree.
2.2. Lumped-element Balun
The lattice-type L-C balun shown in Figure 3 consists of two capacitors
and inductors. When the inductor and capacitor values are carefully
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Figure 2. Amplitude and phase
imbalance versus C1 and C3
capacitance.
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Figure 3.
Layout of the
transformer baluns.

chosen, the circuit produces ±90 degree phase shift for both branches
which results in balanced outputs. The inductance and capacitance
are set to L = Zc /ω and C = 1/(Zc ω), where ω is the angular velocity
of the design frequency and Zc is the geometric mean of the source and
load impedance. The inductance is 0.35 nH and the capacitance is set
to 0.1 pF.
Patterned ground shielded inductors are selected to minimize the
substrate coupling. In order to maximize the Q-factor, symmetrical
inductors are selected, which use both RF metal layers as spiral metals.
As discussed above, the inductor outer dimension is set to 120 µm.
The metal width is minimized to 5 µm. The transmission lines with
grounded side shielding are chosen as interconnects.
2.3. Transformer Balun
In order to select a proper topology for transformer balun, stacked
transformer balun topologies are compared with the planar transformer
topologies. The utilized process has two RF thick metal layers on
the top. The stacked transformer use both RF layers and the planar
transformer use the bottom one which allows smaller metal-to-metal
distance. A stacked transformer and a planar transformer, both with
one turn for each winding, metal width of 5 µm and outer dimension
of 100 µm, are designed and simulated in ASITIC [25]. The simulated
coupling (K-) factor is 0.5 for the stacked transformer and 0.6 for
the planar transformer at 24 GHz. The difference of K-factor is due
to the process restrictions on the spacing of the metal windings; the
minimum distance between the two windings of the stacked balun is
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4 µm, while for the planar balun is only 2 µm. Because the planar
transformer balun has larger K-factor than the stacked transformer
balun under constant Q-factor of the windings in both the cases, it
can be mentioned that the planar balun has smaller IL. EM simulation
using ADS Momentum shows that the planar balun has 0.15 dB higher
gain than the stacked balun at 24 GHz.
In order to design the planar transformer baluns, the outer
dimension and number of turns should be optimized first. The peak
Q frequency of the windings should be at K-Band. Figure 4 shows
the peak Q frequency of the inductors versus the outer dimension
and number of turns. The inductors are rectangular planar inductors
with 5 µm metal width. If the inductor outer dimension is between
100 µm and 120 µm, and the number of turns is between 1 and 2, the

Figure 4. Inductor peak Q frequency versus the outer dimension and
number of turns.

(a)
Figure 5. Layout of the transformer baluns.

(b)
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peak frequency is near K-Band. The number of turns in the primary
winding is selected as 2, while in the secondary winding is 1.5. The
outer dimension of the balun is 100 µm.
The layout of the two transformer baluns is shown in Figure 5.
These two baluns is designed differently to integrate with different
circuits. The patterned bottom metal acts as ground shielding. The
implementation of patterned ground avoids the eddy current loss in the
substrate and ensures high Q-factor of the windings. The input port
P1 is matched to 50 Ω at 24 GHz by adding a 0.1 pF series capacitor.
The balun outer dimension is slightly modified to tune the winding
inductance and improve the input matching. The output ports are
not connected with capacitors since by simulation a series capacitor
increases the IL. The return loss of P2 and P3 are −5 dB with 50 Ω
load impedance at 24 GHz.
The transformer topology ensures the phase balance [18], but the
amplitude balance is still a problem. To solve this problem, the position
of the center-tap on the secondary winding is moved along the winding.
By moving the center-tap position, the coupling of the primary winding
with one branch of the secondary winding increases, while the coupling
with the other branch decreases and hence the amplitude imbalance
could be compensated. It should be notice that the phase imbalance
also slightly alters.
2.4. Topology Comparison
Table 1 compares the performances of the three balun topologies. The
advantages and disadvantages of all topologies are illustrated in this
table. The active balun is good for their gain and wide bandwidth, but
suffers from chip size and linearity. The lumped-element balun is good
for their low loss and easy to design, the disadvantage is their narrow
bandwidth. Although the lumped-element balun might be improved
to overcome the narrow bandwidth, the chip size also becomes larger
since more inductors will be implemented. The transformer baluns is
the best choice for most cases for the wide bandwidth, small chip size
and simplicity to integration.
Table 1. Comparison of the balun topologies at K-band.
Topology

IL

B.W.

Chip Size

Design

Integration

Active
L-C

With Gain

Wide

Large

Normal

Normal

Low

Narrow

Large

Easy

Transformer

Normal

Medium

Wide

Small

Normal

Easy
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Figure 6. Load impedance tuning for (a) active balun; (b) L-C balun;
(c) transformer balun T1; (d) transformer balun T2.
3. IMPEDANCE TUNING APPROACH
To simply the balun integration, an impedance tuning approach is
proposed. The load reflection coefficient is swept (for both real and
imaginary parts), with reference impedance 50 Ω for the designed
passive baluns. The design frequency is 24 GHz and the source
impedance is 50 Ω. The IL, ∆A and ∆φ are calculated and the
contours are plotted in smith charts shown in Figure 6. The solid
line circle is the −3 dB gain (3 dB from maximum gain value) circle.
The shadowed area is the impedance range where the baluns have less
than 1 dB ∆A and less than 5 degree ∆φ. The transformer balun T1
are better choice for integration since its performance is more robust
to impedance variation.
When the balun is integrated with a common source transistor
circuit, normally the loads of the balun are the gates of transistors
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and the load impedance is capacitive. As a test case for integrate,
the transformer baluns are simulated with RF nMOS transistors. The
width of RF nMOS transistor is swept from 10 µm to 100 µm and the
corresponding load impedance variations are depicted in Figures 6(c)
and 7(a). The length of the nMOS is 130 nm and the number of fingers
is 10. From Figure 6(c), it can be seen that the transformer balun

(a)

(b)

Figure 7. (a) Load impedance tuning for the modified transformer
balun; and (b) layout of the modified balun.

(b)

(a)

(c)

(d)

Figure 8. Chip micrograph of (a) active balun; (b) lumped-element
balun; (c) transformer balun T1; (d) transformer balun T2.
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does not provide enough phase balancing for these impedances. By
reducing the balun outer dimension and moving the center tap of the
secondary winding, the matching and the amplitude/phase balance
performance of the balun are optimized. The simulated results from the
load impedance tuning of the modified balun are shown in Figure 7(a),
and the layout is shown in Figure 7(b). The +5◦ ∆φ curve is not
shown since it is outside the smith chart. From Figure 7(a), it can
be mentioned that the modified balun can provide better phase and

(a)

(d)

(b)

(e)

(c)

(f)

Figure 9. IL and RL of (a) the active balun; (b) the L-C balun; (c)
the transformer baluns. ∆A and ∆φ of the (d) the active balun; (e)
the L-C balun; (f) the transformer baluns.
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amplitude balancing for the transistors of different sizes and hence
quite suitable for integration in various circuits. The modified balun
is integrated with an 8 : 1 static divider as presented in [26].
4. MEASUREMENT AND DISCUSSION
The baluns are designed and fabricated in 130 nm CMOS process.
The chip micrographs and the chip area of the core parts are shown
in Figure 8. The measurement setup utilized a calibrated vector
network analyzer. For each balun, the S-parameters of both branches
are measured independently whiles the other port is 50 Ω terminated.
Then the measured result is compared with the simulated result. The
IL (S21 ) and RL (Return Loss, S11 ) results of the baluns, together
with ∆A and ∆φ are shown in Figure 9. S31 is not depicted here since
it equals to S21 corrected with ∆A and ∆φ. It can be seen that the
measured results match the simulation well, except for the ∆A and
∆φ of the L-C balun. As mentioned before, this discrepancy is due
to the sensitiveness of the L-C balun to the load impedance variation.
A slight variation of the load impedance changes the balancing of the
L-C balun.
The active balun T1 achieves a 5 GHz bandwidth from 21 to
26 GHz with ±1 dB ∆A and ±10 degree ∆φ and an IL of 5 dB. The
transformer balun T1 achieves a 10 GHz bandwidth from 18 to 28 GHz
with ±1 dB ∆A and ±10 degree ∆φ and an IL of 6 ∼ 8 dB. The L-C
balun achieves an IL of less than 6 dB and a 2 GHz bandwidth of from
24 to 26 GHz with ±1 dB ∆A and ±10 degree ∆φ. Table 2 summarized
the balun performances. The measured performance of the transformer
balun compares state-of-the-art realizations and the ultra-compact size
make it very suitable for integration at this frequency band.
Table 2. Summary of balun performances.
CMOS

Freq

IL

∆A (dB)/

Chip Area

Process

(GHz)

(dB)

∆φ (degree)

(mm2 )

[22]

180 nm

15–40

−9

2/10

0.06

[27]

180 nm

19–32

−7

1/5

0.073

Active

130 nm

21–26

−5

1/10

0.086

L-C

130 nm

24–26

−6

1/10

0.053

Transformer

130 nm

18–28

−8

1/10

0.01
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5. CONCLUSION
Three balun topologies, active balun, lumped element balun and
transformer balun are compared for CMOS K-Band applications. It is
found that the active balun is a suitable choice when the balun requires
a high gain, while the transformer balun is the right choice when the
balun needs to be broadband and miniature. The impedance tuning
method is implemented to characterize the balun performance and to
simplify the integration. The measurement results show that designed
balun compares with the state of the art realizations in K-Band.
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