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Abstract—A unique-planar vialess Marchand balun for V-band
application is presented. The balun can achieve less than 2° phase
imbalance and 0.3dB amplitude imbalance from 54 GHz to 66 GHz,
with the insertion losses of —3.6dB and —3.9dB for the two balanced
ports and the return loss of less than —15dB in the unbalanced port.
The novel back-to-back measured method has been proposed and
analyzed, the amplitude and phase imbalances can be derived from
the measured back-to-back two-port scattering results. The extracted
results achieve good agreement with the single balun simulation, with
no more than 0.15dB and 1° amplitude and phase differences. This
balun configuration and the measurement method can simplify the
fabrication, achieve good yield, ease the assembling and decrease the
cost.

1. INTRODUCTION

Recently, millimeter-wave wireless systems have draw great demands
on balanced circuits, such as push-pull amplifiers, balanced mixers
and balanced multipliers [1-4]. In such balanced circuits, the
Marchand baluns have been widely used in single and differential signal
transition for their ease of implementation and steady performance [5—
7]. However, most of these Marchand baluns require via-holes at the
isolation ports, which result in some issues, such as complexity in
fabrication, bad yielding as well as parasitic effects of via-holes to the
balun electrical performance, and also the cost [8-10]. Especially in
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millimeter-wave frequencies such as V-band and W-band applications,
the parasitic effects of via-holes are key issues for Marchand balun
performance consideration, such as amplitude and phase balances.

The conventional Marchand balun measurements are commonly
implemented by three-port or four-port scattering testing equipments.
In three-port measurement, one of the three ports connects to a 50 €2
calibration device, which will result uncertain impedance deviations in
this port terminal for this port could not be exactly calibrated, which
is more crucial in higher millimeter-wave frequencies. Although four-
port testing method can solve this problem, these testing equipments
are much more expensive than two-port equipments, which increases
the testing cost of millimeter-wave devices. Cost is a hurdle for devices
in commercial application.

Over the past years, several vialess baluns have been reported,
such as multi-section vialess baluns and CPW baluns [11-13]. Most of
them have the backside ground apertures, which result difficulties in
assembling and increase the fabrication complexity and cost. Moreover,
the CPW baluns have the surface ground connection problems, which
are serious in higher millimeter-wave frequencies. In some other
planar baluns, such as [14,15], although the designs avoid those issues
mentioned above, the need of wire-bonding or the bulky size make
them unattractive in millimeter-wave applications.

In this paper, a planar vialess Marchand balun facilitating the
fabrication and assembling has been presented and a novel back-to-
back measured method has been proposed for saving the cost of balun
testing, in which expensive four-port equipment can be substituted by
two-port equipment. Two microwave radial stubs have been employed
to realize vialess configuration. In addition, it can provide DC isolation
in all three ports, which the Marchand balun with via-holes could not
serve. The paper is organized as follow. A novel back-to-back measured
method has been proposed and analyzed in Section 2. Section 3
describes the vialess balun configuration and the experimental results.
Conclusions are drawn in Section 4.

2. PROPOSED BACK-TO-BACK MEASUREMENT
METHOD

As shown in Figure 1, “1”7 represents the unbalanced port of the
Marchand balun, where “2” and “3” are the two balanced port. The
Marchand core consists of two coupled sections, each of which is one
quarter-wavelength long at the center frequency of operation. The
coupling factor of couplers is C' and the three ports are all terminated
with the same impedance. As in [16,17], the theoretical scattering
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Figure 1. Block diagram of a Marchand balun as two identical
couplers with port impedance matching.

matrix, [S]core, can be given by,
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To satisfy the optimum —3dB power transfer to each balanced
port, the required coupling factor is —4.8 dB. Based on Equation (1),
the theoretical return losses of the two balanced ports are —6dB,
meaning not well matched to 50Q. However, in standard
measurements, such as four-port scattering measurement, the port
terminals are all calibrated to 50€). So, the matching networks are
needed to meet the standard 502 system. The Marchand balun
scattering matrix then can be modified from [S]core to [S]

! / !
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/
Balun>

/ ! / !
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where the magnitude of S} |;, S} 5 and S} 55 are below —15dB among

operation frequencies. Therefore, as shown in Figure 2, the plane X X’
and Y'Y’ have impedance around 50 ().

Figure 2 depicts the proposed back-to-back testing method for the
amplitude and phase balances measurement, where the two identical
baluns are back-to-back connected in two different ways. The one with
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Figure 2. Block diagram of the two different back-to-back connection

ways of two identical baluns. (a) The one with port 2 to port 2, port 3
to port 3. (b) The one with port 2 to port 3, port 3 to port 2.

port 2 to port 2’ connection is shown in Figure 2(a), the other one with
port 2 to port 3" connection is illustrated in Figure 2(b). The two-
port scattering matrix of 1-1” and 1-1” can be obtained from standard
two-port scattering measurement. Assuming the signal at port 1 is

S1 = 1. (3)

The signal transmitted to balanced ports 2 and 3 can be
represented as Sy ,; and Sj 3;, which are given by

Shor = Age 1%, (4a)

Shar = Aze 7%, (4b)

where As and As are the normalized amplitude of signal transmitted

to port 2 and port 3, respectively. 0y and 63 represent the changed

phase of Sj 5, and Sj 5, respectively.
As illustrated in Figure 2, the signals are combined in 1" and 17,

respectively. So the signal at 1’ and 1”, represented by s1, and sy, are
obtained as

S1r = AQAQ/C_j(92+02/) + A3A3’6_j(03+93/)7 (58‘)
sy = AgAgne™I02H03) 1 A3 Ay eI Oatba) (5b)

In this work, two identified baluns have been adopted in back-to-
back connection. So it can be deduced that

Agn = Ay = Ay, (
o = O = 0, (6b

)
)
A3// = A3/ = Ag, (6(3)
Oz = O3 = 0. (6d)
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With these conditions, the Equations (5a) and (5b) can be
simplified as

sy = Adem%2 4 A2e720s (7a)
s1r = 245 AgeI(02403) (7b)
Then we can get that
S1 4 s = (Age_je2 + A3€_j03)2, (8a)
Sy — Sy = (Age*je"’ — A367j03)2. (8b)

Derived from the Equations (8a) and (8b), the S-parameters of
the two balanced ports of the balun can be written as

\/81/ —|— 31// :l: \/31/ — 51//

51/7721 = AQB_j62 = B N (Qa)
Spg1 = Aze % = Vs + s ;F Vs — 517 (9b)

Mathematically, there are four sets of solutions fitting for
Equations (9a) and (9b),
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Sb,31 B el
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o _ s Tsile Nl Jec , (10d)
b,31 — 9

where 6, and 6, represent the angles of (sy/ +81//)1/2 and (s — s )12,
respectively. The solution (10c) has an 180° phase difference with
solution (10a) and the solution (10d) differs from solution (10b)
with an 180° phase difference. According to Equation (1), with the
port number sequences defined in Figure 1, the relative phase of
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S91 is about 90° surpass S11 and the relative phase of S3;1 is about
90° after Si; at the operation frequencies. Under such condition,
solutions (10a) and (10c) could not be compatible at the same time.
Also solutions (10b) and (10d) could not be valid simultaneously.
Hence, only two of the four sets solutions are fit for the Marchand
balun. To distinguish the reasonable set of solution between the
two possible sets of solutions, the physical asymmetric property of
Marchand balun need to be considered. For an ideal Marchand balun,
So1 and S3; are of the same magnitude and the 180° phase difference.
However, the physical implementation of Marchand balun could not
be symmetric, which makes the amplitude and phase differences of the
two balanced ports shifting from 0 and 180°, respectively. Therefore,
from [17, 18] or simulation results could feature such trends of shifting
in S5 and S37 curves, where the reasonable solution could be identified.
The amplitude and phase imbalances, represented as AM and PM, can
be derived from Equations (9a) and (9b),

AM = abs[As — Ajg], (11a)
PM = abs [92 — 93] . (11b)

3. VIALESS IMPLEMENTATION AND EXPERIMENTAL
RESULTS

Figure 3 shows the top-view photograph of the fabricated vialess
Marchand balun with two kinds of different back-to-back connections,
which are optimally designed by the Ansoft HFSS and fabricated on the
quartz substrate with a thickness of 0.127 mm and a dielectric constant
of 3.78.

The balun patterns are formed by photolithography and
magnetron sputtering method. Liftoff technology is used to remove
unnecessary metals. Samples are soaked in chlorobenzene before
developing, which makes it easier for liftoff. Titanium (Ti)/gold layers
with the thickness of 10/100 nm are deposited on the quartz substrate
as seed layers. Ti layer is used to ensure a good adhesion to the
substrate. Gold of 3 um is electroplated on the seed layers to form
the balun.

As for V-band application, the strip and slot widths of the
central two coupled lines in a Marchand balun are 50 pum and 10 um,
respectively. The lengths of the two coupled lines are around one
quarter-wavelength of 60 GHz and optimized for the amplitude and
phase balances. Microwave radius stubs are adopted to substitute the
via-holes, which in additionally can provide DC isolation in all three
terminals. The radius and angle of the microwave radial stub is 500 pm
and 45°, respectively.
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Figure 3. Microphotographs of the two different back-to-back
connection ways of two identical baluns. (a) The one with port 2
to port 2, port 3 to port 3. (b) The one with port 2 to port 3, port 3
to port 2.
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Figure 4. The extracted S-parameter results from the two back-to-
back measurements and compared with single balun simulated results.
(a) 321 and 831. (b) 511.

45

The two identical vialess baluns are fabricated back-to-back with
two different connections, which are featured in Figure 3. The two
port S-parameters of back-to-back balun in Figures 3(a) and 3(b)
are measured by Agilent PNA N5425A network analyzer and the pad
effective has been de-embedded.

Figure 4(a) illustrates the magnitude response of So; and S3; of a
single vialess Marchand balun derived from the measured results of the
two different back-to-back balun transitions by the proposed method in
II, whereas compared with the simulation results of the single vialess
Marchand balun. The results match well with each other, showing
insertion losses around —3.6dB and —3.8dB, respectively, ranging
from 54 GHz to 66 GHz. The deviations between the calculations
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using the proposed method and the single simulation results are less
than 0.15dB, so as to make up the method with a reasonable good
performance.

As featured in Figure 4(b), the magnitude responses of S in
back-to-back measurement and single Marchand balun are matched
well with each other. Both are lower than —10dB from 54 GHz to
66 GHz, which provides good performance in unbalanced port return
loss.

The amplitude and phase imbalances are plotted in Figures 5(a)
and 5(b). The results show the amplitude difference and phase
difference between port 2 and port 3 are less than 0.3dB and 2° from
54 GHz to 66 GHz, respectively, indicating good amplitude and anti-
phase balances.
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Figure 5. The extracted amplitude and phase imbalances from
the two back-to-back measurements and compared with single balun
simulated results. (a) Amplitude imbalance. (b) Phase imbalance.

50 200
O Back-to-Back Measurement O Back-lo-Back Measurement
8 404 — Single Balun Simulation 1604 — Single Balun Simulation
5 [ T 8
= 30 *E = © —~ 1204 I
g \ g o = 8 i
Em 2 . H A E 5 e -
0o g o 8 Ll
B 10 O N 2= w %
_a_;- E Fresunney (GHE)
£ 0-pem—ry b G T a. 0 i v v v " ¥ |
=z 0 10 20 30 40 50 60 70 10 20 0 40 50 0 70
Frequency (GHz) Frequency (GHz)

Figure 6. The extracted amplitude and phase imbalances from
the two back-to-back measurements and compared with single balun
simulated results from 2GHz to 70 GHz. (a) Amplitude imbalance.
(b) Phase imbalance.
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Figure 7. The extracted amplitude and phase imbalances from
the two back-to-back measurements and compared with single balun
simulated results from 30 GHz to 70 GHz. (a) Amplitude imbalance.
(b) Phase imbalance.

There is some limitation in the implementation of this back-to-
back measurements method. As shown in Figures 6(a) and (b), the
amplitude and phase imbalances are plotted from 2 GHz to 70 GHz, in
which the trends of curves derived from the proposed method are in
good accordance with the single balun simulation. However, the curves
show that the deviations between the proposed method and single
balun simulations are more determined by the amplitude imbalance
but less by the phase imbalance. The figures of amplitude and phase
imbalances from 22 GHz to 30 GHz indicate that when the amplitude
imbalance is larger than about 7 dB, the accuracy of this method could
not be guaranteed. As described in Figure 7, the amplitude imbalance
should be less than 2dB to keep a less than 0.5dB and 5 degree
deviations in amplitude and phase imbalances when adopting the back-
to-back measurement method. The results derived from the back-to-
back measurements using the proposed method are in good agreement
with the simulation results, which indicates that the proposed back-to-
back measured method could be an effective substitute of the standard
measurements, such as four-port scattering measurement.

4. CONCLUSION

A unique-planar vialess Marchand balun consisting of radial stubs for
V-band application is presented. The balun can achieve less than
2° phase imbalance and 0.3 dB amplitude imbalance from 54 GHz to
60 GHz. The novel back-to-back measured method has been proposed
and analyzed, in which the amplitude and phase imbalances can be
derived from the measured back-to-back two-port scattering results.
The extracted amplitude and phase imbalances achieve good agreement
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with the single balun simulation results. Compared with conventional
Marchand balun with via-holes, this balun configuration lowers the
cost, facilitates the fabrication, achieves good yield and eases the
assembling. What’s more, the novel measured method can decrease the
cost for four-port measurement testing. Both of which are attractive
for higher millimeter-wave frequencies circuit applications.
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