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Integrated Transformer-Coupled Balun Bandpass
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Abstract—This paper describes a compact transformer-
coupled balun bandpass filter design based on integrated circuit
technology. Using a planar transformer with high-density fully
symmetrical wiring not only greatly reduces the component size,
but also provides a superior balance at the differential output
ports. In addition, applying the tapped feed-line structure to the
balun bandpass filter is accomplished by carefully studying the
impedance-matching method and transmission-zero mechanism.
Interestingly, the proposed balun bandpass filter can guarantee
an optimal common-mode rejection ratio level in a specific
operating frequency range by precisely controlling the fractional
bandwidth of the filter passband.

Index Terms— Balun bandpass filters, common-mode rejection
ratio, planar transformer.

I. INTRODUCTION

OST radio frequency (RF) receiver front-ends require

a bandpass filter to suppress the input interferences,
as well as a balun to convert an input single-ended RF
signal into an output-balanced one for subsequent processing
with posterior differential active circuits. Fig. 1 schematically
depicts a balun bandpass filter with the integrated functions
of both a bandpass filter and a balun. A printed circuit board
(PCB)-embedded component [1] and a low-temperature co-
fired ceramic (LTCC) component [2] using a separate design
of the bandpass filter and the balun result in a complex archi-
tecture and a bulky circuitry space. The interaction between
the bandpass filter and the balun degrades the performance in
terms of insertion loss and output balance. Several integrated
schemes have been developed to achieve a reduced component
size and satisfactory performance in recent years. A simple
design method in [3] merges the output stage inductor of
a filter with a portion of the posterior balun using silicon
integrated passive device (IPD) technology. However, the level
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of size reduction is rather limited because the reduction
of component count is not significant in such a lumped-
element structure. In addition to a dual-mode ring resonator
[4] requiring an effective length of a transmission line for
a balun bandpass filter design, further reducing the size is
extremely difficult. Other studies include the three coupled
tanks structure [5], the three-pole cross-coupled filter topology
[6], the multi-coupled lines configuration with shunt capacitors
[7], [8], and the vertical split ring resonator construction [9]
that use LTCC technology. In addition, the parallel connected
LC resonator architecture is also embedded into an eight-
layered PCB [10]. Although the designs [5]-[10] exploit a
multilayer structure to reduce the component size with the help
of LTCC or PCB build-up technology, the geometry is difficult
to maintain symmetry so as to considerably degrade the output
balance. Recently, balun bandpass filters using two sets of
two symmetric stepped impedance resonators are verified to
be well balanced for arbitrary bandwidth [11]. However, the
method proposed by [11] is limited to a fourth-order bandpass
filter design, which is disadvantageous to the reduction of size
and insertion loss.

The authors’ previous work [12] presented a transformer-
coupled bandpass filter design using glass IPD technology.
The advantages include very small size and ease of integrating
a balun without increasing the component size and loss. In
addition, the resultant balun bandpass filter has a significantly
higher common-mode rejection ratio (CMRR) level when
compared to the available literature. By expanding the results
of [12], this paper provides a detailed methodology of the
balun bandpass filter designs from the proposed equivalent
circuits and a further parametric study of the CMRR. It is
interesting to find that by controlling the fractional bandwidth
of the passband, we can flexibly adjust the CMRR level to
meet diverse applications. Based on this finding, a wideband
balun with a demanded high CMRR level is realized in
complementary metal-oxide-semiconductor (CMOS) technol-
ogy by adequately imposing a bandpass filter function with a
controlled bandwidth on the balun.

II. DESIGN OF TRANSFORMER-COUPLED
BANDPASS FILTER

This paper begins with a transformer-coupled bandpass
filter design using the coupled resonator synthesis method
[13] in frequency band ranging from 2.7 to 2.9 GHz

2156-3950/$26.00 © 2011 IEEE



54 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 2, NO. 1, JANUARY 2012

Single-ended
input signals

—
" " Differential
output signals

p—

Fig. 1. Block diagram of a balun bandpass filter.

for microwave multipoint distribution system applications.
The adopted method can determine the passband bandwidth
by accurately estimating the mutual inductance required to
couple the primary and secondary coils in the transformer.
Fig. 2(a) and (b) illustrates the equivalent circuit of the
proposed transformer-coupled bandpass filter with symmetric
and antisymmetric feed structure, respectively. The equivalent
circuit in Fig. 2(a) or (b) comprises two parallel resonant
circuits magnetically coupled with a transformer mutual induc-
tance M. Each resonant circuit includes a coil inductance
(L1 — Lr — Ly) resonated with a pair of dual capacitors of
capacitance C, yielding the following resonant frequency:

2
CEVeL +hyC W

In addition, a mutual capacitance C. is used between two
resonant circuits, representing the parasitic electrical coupling
between the two coil-type resonators.

Two major parameters for applying the coupled resonator
synthesis method to the bandpass filter design are the coupling
coefficient k£ between the two resonators and the external qual-
ity factor Q. at the input and output. The coupling coefficient
depends mainly on the spacing of the interwound turns of the
coils in the transformer. For even and odd mode analysis of
the equivalent circuits in Fig. 2(a) and (b), the same even and
odd resonant frequencies can be found, respectively, as
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Based on knowledge of the two resonant frequencies, the
coupling coefficient can be estimated as

3)
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Assuming that C. is small, so that MC, < 2C(2L; + L»),

the expression (4) can be further approximated as
k ~ & R
2C  2L1+ L
The above equation clearly indicates that the mixed coupling
between the two resonators arises from the summation of the

electrical and magnetic coupling coefficients.

The external quality factor of the input coil-type resonator
can be evaluated as a function of the tapped feed position.

2 2
Weven — Podd

=k +ky. (5)
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(@)

Fig. 2.  Equivalent circuits of the designed transformer-coupled bandpass
filters. (a) Symmetric feed structure. (b) Antisymmetric feed structure.

A general formula can be easily derived from the definition
given in [14] and is shown as

w OB V8CQRL1 + Ly 3
Qe = Rinz% w=w) — Rin L% ) (6)

where Rj, denotes the reference impedance looking into the
source termination at the input coil-type resonator, and B is
the total susceptance seen at the feed point looking into the
resonator. To match the source impedance, Rj, must equal 50
Q. In this manner, the external quality factor of the output
coil-type resonator can be obtained in the same way as in (6).

The coil turn spacing and tapped feed position can be
determined by using the relations of k& and Q. for the
second-order filter prototype elements. These relations can be
expressed as [13]

A
k = @)
V8182
8081 8183
= —— = — 8
Oe A A (8)

where A represents the fractional bandwidth and g; is the
ith prototype element value. For a Chebyshev bandpass filter
design, the passband insertion loss can be predicted by the
formula given in [15] and shown as
4.343
A - Qu
where O, denotes the unloaded quality factor of a coil-type
resonator at the resonant frequency.

In addition to achieving the desired specification in a pass-
band, transmission zeros are extensively adopted to increase
either the selectivity or the rejection at stopband for bandpass
filter design. A previous work [16] found that a 0° feed
structure has two additional transmission zeros than a non-0°
feed structure with the same passband response. Based on
the concept in [16], this paper demonstrates the effectiveness
of two feed structures of symmetrical and antisymmetrical
construction, as shown in Fig. 2(a) and (b), respectively. The
admittance parameters of Y1 for these two feed structures are
derived as in (10) and (11), shown at the bottom of the page,

ILy,(dB) =~

(g1+g2) )

(Zm+ Z)QRZ\Ziy + ZmZe — 2Z3) — Z3Ze — 221 Z2(Z1 + Zo + Z¢)

Y2l,sym =

2Z1Z2Z(Z1+ Zo+ Ze) + Z3Z2 4+ Z(Z1 — Zw)(RZ1 Ziw + Z1 Ze + Zm Ze)
2Z1(Zo + Zn)(Z1 + Ze) + ZcQRZ2 + Zn Ze)

(10)

Y21, anti-sym =

ZVZAZ\Ze +272) — (Z2 + Z2)(Z3 — Z2) — 221 Z(Z1 + Zo)(Za2 + Zc)

Y
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Fig. 3. Comparison of the magnitude of Sp and Sy of the equivalent circuits
with two different feed structures for the transformer-coupled bandpass filter.

where
1
7| = joL| + — (12)
oC
Zr = jolL, (13)
Zm = joM (14)
1
Z, = . 15
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As is well known, transmission zeros occur at frequencies
where the admittance parameter Y1 of the two-port bandpass
filters equals zero [17]. Fig. 3 compares the magnitudes of S2;
and S11 between the symmetrical and the antisymmetrical feed
structures for the equivalent circuits in Fig. 2(a) and (b). The
corresponding element values are L1 = 1.5 nH, L, = 3.3 nH,
M =09 nH, C =1 pF and C, = 0.03 pF. Obviously, the
antisymmetrical feed structure has two additional transmission
zeros of wz; and wz, within 10 GHz and can be expressed as

wz12 =
\/(A+CM+2CCL1)j:\/(A+C M)2—4C.Li(A—CM)
2AL(C + C.)
(16)
where
A =2C.(Ly + Ly + M). (17)

The parasitic electrical coupling C. between two resonant
circuits plays a critical role in (16) to determine the transmis-
sion zero frequencies. A larger value of C. pushes the two zero
frequencies closer to the passband. However, the value of C,
is difficult to change because of the predetermined coupling
coefficient in (5) for a specified prototype filter response. In
contrast, the transmission zero of wz3 results from the series
L1 — C resonant branches in both feed structures and can be

found as .

VLiC
Comparatively, adopting the antisymmetrical feed structure
can provide two additional transmission zeros than the sym-
metrical construction to enhance the stopband rejection with-
out sacrificing the passband response.

Planar transformers are commonly used in radio-frequency
integrated circuits (RFICs) to play an important role for

wz3 = (18)

6 um BCB 10 um BCB 0.2 um SiNx (High-k)

Metal 2: 3 um Cu
Metal 1: 3 um Au

200 pm Glass substrate

Material BCB SiNx Glass
Dielectric constant 2.7 7.2 52
Loss tangent 0.002 0.01 0.003

Fig. 4. Cross-sectional view and material parameters of the adopted IPD
process on a glass substrate.

(W)

Fig. 5. Proposed transformer-coupled bandpass filter design using glass IPD
technology. (a) Top-view layout. (b) Top-view photograph.

impedance transformation, balanced-to-unbalanced conver-
sion, power combining, and coupling [18]-[20]. A recent study
[21] developed an on-chip monolithic transformer configu-
ration with a higher individual coil self-resonant frequency,
greater area efficiency, and more fully symmetrical struc-
ture. This paper implements the proposed transformer-coupled
bandpass filter using the transformer configuration in [21]
based on integrated circuit technology. Fig. 4 illustrates the
cross-sectional view and material parameters of the adopted
IPD process on a glass substrate. The attractive features
include the ability to produce high-Q inductors and high-
density capacitors while using the metal 3 of 10-um copper,
thin-film process, and high-¢, dielectrics. In addition, passive
components using this technology can be easily integrated with
3-D chip-stacking applications.

A second-order 0.1-dB equal-ripple Chebyshev bandpass
filter using the antisymmetrical feed structure is designed at
the center frequency of 2.8 GHz with a fractional bandwidth
of 15%, in addition, the Q, value of a coil-type resonator is
22. The prototype element values used are g; = 0.843, g» =
0.622, and g3 = 1.355. The coupling coefficient k and the
external quality factor Q, estimated by calculation are 0.21
and 5.6, respectively. The insertion loss at the center frequency
that can be evaluated by (9) is 1.9 dB. The metal width of the
coil with respect to this design is 30 um. Notably, an increase
in metal width can enlarge the Q, value of the coil-type
resonator. However, it is at the cost of increasing the IPD area.

Fig. 5(a) and (b) shows a top view of the layout and a
photograph, respectively, of the actual device using glass IPD
technology. Notably, according to the layout plot, a coil turn
spacing of S = 30 um and a tapped feed position of P, =
280 um are used to correspond to the estimated £ and Q.
values. For structural symmetry and flexible control of the k
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TABLE I
COMPARISON OF MEASURED SPECIFICATIONS AND SIZES BETWEEN THE DESIGNED GLASS IPD BANDPASS FILTER AND

SEVERAL RECENT WORKS IN THE LITERATURE

Reference Technology Frequency Dimension Insertion loss Return loss Stopband rejection
range, fo GHz <05fg | At2fy | At3fo
This paper Glass IPD 2.7-2.9 GHz 1.1 mm x 0.7 mm <2.2 dB >17 dB >33 dB 36 dB 46 dB
. 3.7 mm x 3.2 mm 39dBat fop | 8.1dB at fj N.A. N.A. N.A.
22 Orgz bstrat = 2.5 GH
221 reanic substrate | fo = 2.5 GHz = e 19 dBat fo | 4 dBat fo | NA. NA. NA.
[23] Organic substrate 2-3.2 GHz 4 mm x 4.3 mm <1.7 dB >12 dB >14 dB N.A. N.A.
[24] Organic substrate 2.4-2.5 GHz 2.2 mm x 1.8 mm <1.7 dB >17 dB >21 dB 23 dB 37 dB
[25] Glass IPD fo =24 GHz N.A. <2.6 dB >9 dB >28 dB 25 dB N.A.
1.7 mm x 1.5 mm <1.7 dB >30 dB 53 dB 41 dB
26 Sili IPD = 2.45 GH. N.A.
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Fig. 6. Comparison of the magnitude of S7| and S7; between EM simulation
and measurement for the designed transformer-coupled bandpass filter using
glass IPD technology.

and Q. parameters, the transformer designed has an octagonal
shape with the two parallel coils that are symmetrically
interwound side by side on metal 3. To serve as a common
ground, a surrounding ground loop of square shape is also
placed on metal 1. The main effects of its proximity to the
designed filter are to reduce the self-inductance of transformer,
causing the center frequency to shift to a higher frequency and
the bandwidth to become broader.

Measurements were carried out on an Agilent four-port
vector network analyzer and a Cascade on-wafer probe station
with ground-signal-ground (GSG) probes having a probe-tip
pitch of 150 um. The parasitic effects of GSG probing
pads are included in the electromagnetic (EM) simulation by
using Ansys-Ansoft HFSS. Fig. 6 compares the magnitudes
of S>1 and Si; between EM simulation and measurement
for this second-order bandpass filter design, indicating a
good agreement over a frequency range of up to 10 GHz.
The insertion loss in the passband from 2.7 to 2.9 GHz is
approximately 2.2 dB, which has a small deviation of 0.3
dB from the predicted value, in addition, the return loss in
the passband exceeds 17 dB. The tapped feed-lines shown
in Fig. 5 result in a series resonant path starting from the
tapped position to create a transmission zero at 4 GHz.
The remaining two transmission-zero frequencies of 1 and
8.4 GHz come from the antisymmetrical feed structure,
as mentioned earlier. The occupied area of the designed
transformer-coupled bandpass filter, excluding the outer
ground ring and test pads, is 1.1 mm x 0.7 mm.

Fig. 7. Equivalent circuit of the transformer-coupled balun bandpass filter.

Table I compares the experimental results of the proposed
bandpass filter design using glass IPD technology with those
implemented on various kinds of package substrates or inter-
posers in the recent literature [22]-[26]. The comparison
reveals that our work has the advantages of a higher stopband
rejection and a smaller component area.

III. CREATION AND MATCHING OF BALUN
BALANCED PORT

The proposed transformer-coupled bandpass filter in
Section II can easily integrate a balun function to convert an
unbalanced signal into a balanced one without adjusting the
filter size and shape, which is attributed to the following two
reasons. First, the bandpass filter has a symmetric geometry.

Second, the bandpass filter uses magnetic coupling as the
dominant coupling of the resonators. In practice, by simply
combining the symmetric and antisymmetric feed structure in
the output coil-type resonator as shown in Fig. 7, the feed-lines
at ports 2 and 3 can then form a balanced port to effectively
suppress the output common mode signals. However, this
formation is accompanied by a disadvantage of changing
the matching condition in the balanced port. According to
literature, using the different coupling gaps between tapped
line and input/output resonators [3] or controlling the direct
current blocking capacitors [7] can resolve the mismatch
problem.

Fig. 7 illustrates an equivalent circuit of the proposed
transformer-coupled balun bandpass filter with the reference
impedance of Rj, at port 1 and Rgy at ports 2 and 3. The input
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(W)

Fig. 8. Proposed balun bandpass filter design using glass IPD technology.
(a) Top-view layout. (b) Top-view photograph.

and output coil-type resonators consist of a coil inductance
(L1 — Ly — Ly) with a different pair of capacitances of
C; — C2 and C — C, respectively. This paper adopts two
matching approaches for the proposed balun bandpass filter
configuration as follows.

A. Balanced Output Matching Approach

An accurate tapped feed position determined by the required
Q. based on the design parameters can achieve a desired
matching in the passband. The input external quality factor
Qe,in at port 1 in Fig. 7 appears to be identical to (6) under the
condition of C1 = C, = C. Furthermore, the output external
quality factor Qe out at ports 2 and 3 can be found as

V2CQ2Ly + Ly)3

Qe,out = Rout 2C(2I;12+ LZ)
2

where R,y denotes the reference impedance looking into the
load termination at ports 2 and 3 in Fig. 7. Notably, Qe in must
equal Qe ou for the bandpass filter design; this assumption
implies that Roy in (19) is twice the value of Rj, in (6).
As mentioned earlier, R;, equals 50 Q to match the source
termination. However, Ry is twice the value of Rj, as 100 Q,
resulting in a mismatch between the output ports (ports 2 and
3) and the load termination. A conventional approach reselects
the output tapped feed position on the output coil resonator.
However, such an approach is normally limited to the high-
density wiring transformer configuration because the tapped
line can only connects to the peripheral portion of the coil-
type resonator. In addition, while another matching approach
adopts an impedance transformer between the output ports and
the load termination, the transformer requires extra occupied
area.

Fig. 8(a) and (b) shows the top-view layout and photograph,
respectively, of such a transformer-coupled balun bandpass
filter. Except for the additional port 3, the size and shape
of the balun bandpass filter are the same as those of the
previous bandpass filter shown in Fig. 5. Fig. 9 compares
the magnitudes of Sp; and S1; between EM simulation and
measurement in a frequency range up to 10 GHz for the
implemented balun bandpass filter. The comparison shows
good agreement. All ports are terminated by 50 Q in the
simulation and measurement. The measured results indicate an
insertion loss of less than 2.4 dB and a return loss of more than
14 dB in the passband. Notably, the aforementioned mismatch
phenomenon in the output-balanced port only degrades the in-
band insertion and return losses slightly. Therefore, the in-band

19)
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Fig. 9. Comparison of the magnitude of Sp; and S1; between EM simulation
and measurement for the designed balun bandpass filter using glass IPD
technology.

performance is still quite similar to that of the bandpass-only
filter design. Furthermore, the similarities also include a higher
stopband transmission zero at 4 GHz. However, an obvious
discrepancy is that the balun bandpass filter loses the stopband
transmission zeros at the frequencies of 1 and 8.4 GHz.

The above similarities and dissimilarities can be explained
by Fig. 7 whose S-parameters can be interpreted as a super-
position result of Fig. 2(a) and (b). According to Fig. 3, the
S-parameters corresponding to Fig. 2(a) and (b) have the same
passband response and 4-GHz transmission zero, but they
differ in whether or not the existence of the 1- and 8.4-GHz
transmission zeros. Such a difference eventually leads to
the disappearance of the two transmission zeros at 1 and
8.4 GHz for the balun bandpass filter, as shown in Fig. 9.
In mathematical point of view, the transmission zeros due to
the output-balanced feed structure can be found by solving the
following equation:

(Zl + Zc) [2Zch - (Zg - Zi)]
2Z (2 +2Z)(Z3— Z2)+ 21 2,2, ]
(20)

1
Yp1= §(Y21_ Y31) =

where Yp stands for the differential to single-ended admit-
tance parameter [27]-[29]. The solution for Yp; = O has
no real roots in the observed frequency range, verifying the
disappearance of transmission zeros in the above inference.

B. Single-Ended Input Matching Approach

Reselecting the tapped feed position and the additionally
required area of the impedance transformer poses a limitation
to implementation. Conversely, providing the different values
of capacitors C; and C» in the input coil-type resonator,
as shown in Fig. 7, can also lead to an impedance match
between port 1 and source termination without implementation
difficulties. In this manner, the Q¢ ou value and the tapped
feed position in the output resonator are determined first for
the required filter specification. Then, the input external quality
Qe,in 1s set equal to Qe out, yielding the following equation:

VIC1 + C2)QL1 + Ly)P C1Cy
[L2Cy + Li(C2 — C)P

Qe,in = Rin = Qe,out~

2
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Fig. 10. Cross-sectional view and material parameters of the adopted 0.18 xm
CMOS process on a silicon substrate.

Port 1 0.87 mm Port 3
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Fig. 11.  Proposed balun bandpass filter design using 0.18 xm CMOS
technology. (a) Top-view layout. (b) Top-view photograph.

To ensure that the input and output resonators resonate at
the same frequency, the capacitances have the following

relation:
1 1 2

c + oo C (22)
Satisfying the matching condition requires the appropriate Cy
and C> to meet (21) and (22) simultaneously.

Next, the proposed single-ended input matching approach is
implemented on a balun bandpass filter for the 3.1-4.85 GHz
direct-sequence ultrawideband (DS-UWB) using 0.18 um
CMOS process with a substrate cross-sectional view in Fig. 10.
The resonator used comprises a coil inductor on the metal 6
and two metal-insulator-metal capacitors using the capacitor
top metal (CTM) and metal 5 layers. In this design, a second-
order Chebyshev bandpass filter with 0.5 dB ripple level is
designed with a fractional bandwidth of 40%. The prototype
element values used are g; = 1.403, g» = 0.707, and g3 =
1.984. The estimated coupling coefficient and external quality
factor are k = 0.4 and Q, = 3.5, respectively. The unloaded
quality factor Q,, of the coil-type resonator is 7.6 and results
in a calculated insertion loss of 3 dB by using (9).

Fig. 11(a) and (b) displays the top-view layout and pho-
tograph, respectively, of the designed CMOS balun bandpass
filter. The required coil turn spacing S, for a 40% bandwidth is
4 um, and the tapped feed position P; at both the input and the
output resonators is 420 xm. In addition, the series capacitors
at both ends present the values of C; = 0.8 pF, C» = 2.4 pF,
and C = 1.2 pF for the single-ended input matching approach
to satisfy (21) and (22). The EM simulation results correlate
well with the measurement results, as shown in Fig. 12.

2 g
i (2]
= E.

Q =
= &
) =
b= F B
g : ] =
E 50 H ——EM simulation ] 40 =
=-s0F Measurement |

—60 Bttt bbb =50
1 2 3 4 5 6 7 8 9 10
Frequency (GHz)
Fig. 12.  Comparison of the magnitude of SD1 and S11 between EM

simulation and measurement for the designed balun bandpass filter using
0.18 xm CMOS technology.

In the passband, the measured insertion loss ranges from
2.8 to 5.5 dB, while the return loss is better than 18 dB.
The transmission zero at 9.3 GHz comes from the series
resonant path starting at the tapped position. The occupied
area of the designed CMOS transformer-coupled balun band-
pass filter, excluding the outer ground ring and test pads, is
0.8 mm x 0.7 mm.

IV. BANDWIDTH-DEPENDENT CMRR

The CMRR is conventionally adopted to evaluate the
balance performance of a balun [30]. It is defined as
the ratio between the differential-mode and common-mode
transmission-coefficient magnitude. At the center frequency
as expressed in (1), CMRR can be derived as (23) for the
proposed equivalent circuit in Fig. 7

CMRR(wp)
2MCs (woC — jGour)
cu(3)M2C2CCC + j2GouL2Ce (Co%LlC - 1) (% - )
(23)

~
~

where Goyt = 1/Royt- Notably, the single-ended input match-
ing approach requires the different values of C2 and C and
results in degradation in CMRR. For a specific requirement of
equality between C and C as the previous glass IPD balun
bandpass filter design in Fig. 8, CMRR can then be obtained
in terms of the magnetic and electrical coupling coefficients as

2 . (@0C — jGout)

CMRR(wp) =
(@0) a)(z)MCC woC
_ 1 . (C()OC - jGout) . (24)
kmkg 2w0C

Fig. 13 compares the CMRR simulation results of the
balun bandpass filter by varying either the electrical coupling
coefficient kg or the magnetic coupling coefficient kjs. Fig.
13(a) shows the CMRR results with three different kg values
of 0.01, 0.02, and 0.04 and the same kj; value of 0.15. It can
be seen from Fig. 13(a) that the peak CMRR increases with
decreasing k. In a similar fashion, Fig. 13(b) demonstrates
the CMRR results with three different k;; values of 0.15, 0.30,
and 0.60 and the same kg value of 0.15. One can observe from
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Fig. 13.  Comparison of the CMRR for the balun bandpass filter design
with different electrical and magnetic coupling coefficients. (a) CMRR with
varying kg. (b) CMRR with varying k;.
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Fig. 14. Comparison of the CMRR and group delay between EM simulation
and measurement for the designed balun bandpass filter using glass IPD
technology.

Fig. 13(b) that the peak CMRR moves to a higher frequency as
ky increases. Therefore, the optimal CMRR within a narrow
frequency band of interest can be achieved by selecting an
appropriate value of kj; and an as small as possible value
of k E-

Since the mutual inductance M dominates the coupling
for the high-density wiring transformer-coupled configura-
tion, the coupling coefficient in (7) can be approximated
as

k:

(25)
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Fig. 15. Comparison of the CMRR and group delay between EM simulation
and measurement for the designed balun bandpass filter using 0.18 xm CMOS
technology.
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Fig. 16.  Comparison of the measured amplitude and phase imbalances
between the proposed CMOS balun bandpass filter design and the available
balun-only integrated circuit designs.

Incorporating (25) into (24) and further rearranging leads to

V8182 ) (@0C — jGout)
A kg 2w9C

where A denotes the fractional bandwidth of the balun band-
pass filter. Equation (26) can provide an efficient means of
optimizing the CMRR by designing the operation bandwidth
A precisely and minimizing the electrical coupling coefficient
kg between the interwound coil-type resonators during filter
construction.

As a result, Fig. 14 compares the CMRR and group delay
between EM simulation and measurement in the passband and
its vicinity for the designed balun bandpass filter on the glass
IPD substrate with a top-view layout and photograph shown
in Fig. 8(a) and (b), respectively. The comparison reveals
satisfactory agreement. The measured CMRR for this design
exceeds 44 dB in the passband from 2.7 to 2.9 GHz, which
represents an outstanding balance performance, the measured
value of group delay is around 0.62 ns.

Fig. 15 compares the CMRR and group delay between EM
simulation and measurement for the designed CMOS balun
bandpass filter with a top-view layout and photograph shown
in Fig. 11(a) and (b), respectively. According to Fig. 15, the
measured CMRR for this design is better than 30 dB and the
group delay ranges from 0.18 to 0.28 ns over the passband
from 3.1 to 4.85 GHz.

CMRR(wp) ~ (26)
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TABLE I

COMPARISON OF MEASURED SPECIFICATIONS AND SIZES BETWEEN THE DESIGNED GLASS IPD BALUN BANDPASS FILTER AND

SEVERAL RECENT WORKS IN THE LITERATURE

Reference Technology Frequency range (GHz) Dimension Inslzgt;on 11?1?113;;111;:1[1125 imliaz?:sce CMRR
IPD Balun BPF Glass IPD 2.7-2.9 1.1 mm x 0.7 mm <2.2 dB <0.08 dB <0.5° >44 dB
[2] LTCC 3.3-39 3 mm x 1.6 mm <1.8 dB <0.7 dB <5° NA
[3] Silicon IPD 2.4-2.5 1.5 mm x 1.5 mm <22 dB <0.5 dB <3° >30 dB
PCB
[4] (Taconic 2.43-2.47 GHz 16 mm x 18 mm <2.5dB <0.5 dB <5° N.A.
RF-60A)
[5] LTCC 2.3-2.6 GHz 4.2 mm x 4.8 mm N.A. <0.3 dB <1° N.A.
[6] LTCC 2.4-2.5 GHz 2.5 mm X 2 mm <2 dB N.A. N.A. >30 dB
[7] LTCC 2.4-2.5 GHz 2 mm x 1.2 mm <1.7 dB <0.3 dB <3° N.A.
[8] LTCC 1.45-1.75 GHz 2 mm x 1.25 mm <1.1 dB <0.6 dB <5° N.A.
[9] LTCC 2.3-2.6 GHz 2 mm x 1.2 mm <3.5dB <0.6 dB <12.5° N.A.
[10] (BalSDEF?OS) 2425 GHz 2mmx 17mm | <22dB | <09 dB <15 | >26dB

TABLE III

COMPARISON OF MEASURED SPECIFICATIONS AND SIZES BETWEEN THE DESIGNED GLASS IPD BALUN BANDPASS FILTER AND

SEVERAL RECENT WORKS IN THE LITERATURE

Reference Technology Frequency range (GHz) Dimension Insertion loss ﬁ:;g 111;33: Phase imbalance
CMOS Balun BPF CMOS 3.1-4.85 (44%) 08 mm x 0.7 mm | 2855 dB <0.5 dB <3
[31] Silicon TPD 1.4-5.6 (120%) 1.1 mm x 2.1 mm 2-5 dB ( 154(1'36. SdBGI*_‘I‘Z) ( 1;732 é‘;{Z)
(32] Silicon above-IC 5-15 (100%) 1.7 mm x 1.05 mm 1-5 dB <1 dB at <2.6° at
(5-12 GHz) (5-12 GHz)
33] MCM-D alumina 3.6-8.4 (80%) Il mm x 1.76 mm | 0.5-1.1 dB <0.9 dB <33°
[34] MEMS 43-6.5 (40%) 04mm x 0.5mm | 1.1-3dB <0.7 dB <12°
[35] Silicon IPD 1.5-2.1 (33%) 1.65 mm x 1.5 mm 0.8 dB <0.2 dB <2°
[36] 0.35 um SiGe 6-10 GHz (50%) 025 mm x 0.5 mm | 3.9-5 dB <1dB <4

Table II compares the experimental results of the proposed
balun bandpass filter design using glass IPD technology with
those of recent literature in terms of integrating a bandpass
filter and a balun into one component [2]-[10]. According
to Table II, our work achieves a similar insertion loss but a
superior CMRR level in the passband when compared to the
other works. This significant CMRR performance is resulted
from the precisely controlled bandwidth and the adoption of
glass IPD technology that has a smaller electrical coupling
coefficient than the use of LTCC and PCB technologies. In
addition, the occupied area is the smallest one.

Table III compares the proposed CMOS balun design with
a bandwidth controlled by the integrated bandpass filter to the
available balun-only designs using CMOS, silicon IPD, micro-
electromechanical systems (MEMS) and multi-chip module-
deposited (MCM-D) technologies [31]-[36]. Notably, in
Table III, the fractional bandwidths are defined for return loss
more than 10 dB. Due to the high conductor loss and the low
silicon resistivity in standard CMOS process, our work results
in a slightly larger insertion loss. However, it achieves an opti-
mal CMRR level over the required fractional bandwidth. Fig.
16 illustrates the relation between the CMRR and the fractional
bandwidth. The symbols present the frequency dependence of
CMRR for individual cases in Table III. This figure generally

reveals that a more wideband balun design is more likely to
degrade the CMRR level and its variation in frequency within
the operating bandwidth. The proposed bandwidth-controlled
method can optimize the CMRR level in a specified fractional
bandwidth with a smaller variation than the other ones in
[31]-[35]. The resultant CMRR level is more than 30 dB in the
3.1-4.85 GHz DS-UWB band with less than 2 dB variation.

V. CONCLUSION

This paper has developed a transformer-coupled bandpass
filter design based on integrated circuit technology.
Advantages of the proposed filter design include an
extremely small size and ease of integrating a balun without
adjusting the size and shape in configuration and degrading
the passpand loss and bandwidth in performance of the
primary bandpass filter design. Consequently, the proposed
balun bandpass filter achieves an overall lower insertion loss
than that of a circuit structure with separate bandpass and
balun components. In addition, the CMRR has a relevant
connection with the fractional bandwidth of the primary
bandpass filter design. Moreover, the narrow-band design
using glass IPD technology provides an excellent balance
performance with a significantly higher CMRR level than that
of previous works. Furthermore, the wideband design using
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0.18 um CMOS technology can obtain an optimal CMRR
level by precisely controlling the filter bandwidth to match
the operating frequency range of the balun.
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