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Abstract—In this paper, three monolithic star mixers using a
new miniature dual balun are proposed. The first one is a double
spiral transformer mixer, and the second one is a trifilar trans-
former mixer. Both of these are fabricated using a commercial
GaAs pseudomorphic HEMT process. The third is a 3-D trans-
former mixer, which is fabricated using a commercial CMOS
process. These mixers exhibit bandwidths over 25-45 GHz (57 %)
with local oscillator isolations better than 20 dB. These star mixers
are smaller than (A/6 x A /6) for the mixer core area. Compared
with traditional star mixers, these mixers demonstrate 80% size
reduction, and achieve good performance with the smallest chip
size among all star mixers using monolithic microwave integrated
circuit processes.

Index Terms—Balun, diode mixer, double-balanced mixer
(DBM), mixer, monolithic microwave integrated circuit (MMIC),
resistive mixer, spiral transformer, star mixer, transformer.

1. INTRODUCTION

LTHOUGH millimeter-wave (MMW) mixer techniques

are well developed, the high-performance and compact
monolithic mixer is still a popular research topic. The double-
balanced mixer (DBM), which offers high spur suppression and
wide dynamic range, is the most commonly used configuration.
Compared to the traditional ring DBM, the advantage of the star
DBM is low IF parasitic inductance, which results in wide IF
bandwidth. In addition, the IF of the star DBM is dc coupled,
allowing for direct conversion of signals to baseband [1]. There-
fore, the star DBM is suitable for high data rate, even multigi-
gabit direct-conversion transceiver applications. The traditional
structure of the star DBM involves a dual balun, which is not a
planar structure [13]. One of the first planar star mixers is shown
in Fig. 1. Two Marchand dual baluns were used in this circuit
to form a cross arrangement [2]. A modified three-conductor
Marchand dual balun with a multicoupled microstrip line balun
was reported by Ryu et al. [3]. A lumped miniature dual-balun
star mixer in the S-band was presented by Chiou et al. [5]. The
star mixers are often impractical in integrated circuit (IC) design
because they need two rather large half-wavelength Marchand

Manuscript received July 25, 2007; revised November 22, 2007. This
work was supported in part by National Taiwan University under Excellent
Research Project 95R0062-AE00-01 and by the National Science Council of
Taiwan, R.O.C. under Contract NSC 93-2752-E-002-002-PAE, Contract NSC
93-2219-E-002-024, and Contract NSC 93-2213-E-002-033.

C.-C. Kuo, C.-L. Kuo, C.-J. Kuo, and H. Wang are with the Department
of Electrical Engineering and the Graduate Institute of Communication Engi-
neering, National Taiwan University, Taipei 106, Taiwan, R.O.C. (e-mail: huei-
wang @ntu.edu.tw).

S. A. Maas is with Nonlinear Technologies Inc., Long Beach, CA 90807 USA.

Digital Object Identifier 10.1109/TMTT.2008.919063

RF/LO
1
i OUtpUt i e m
Py -1y / ﬁ
[ E——— E— o— 1 —
Input 34 RF/LO
Output MH

IF
(a) (b)

Fig. 1. (a) Marchand dual balun for star mixer. (b) First planar star mixer re-
ported by Basu and Maas [2].

dual baluns, which increase the chip area. Therefore, the minia-
ture dual balun is a key component of a star mixer.

In this paper, three novel miniature transformer-type Marc-
hand dual baluns are proposed to further reduce the size of
the star DBM. The first is a double-spiral transformer. Al-
though spiral transformers are used extensively in monolithic
microwave integrated circuit (MMIC) design, we propose a
novel double-spiral transformer dual balun for a star mixer.
The second is a trifilar transformer. Trifilar transformers are
also popular in ICs, but here we propose the use of a dual
balun consisting of two trifilar cascaded transformers. These
two miniature transformer type Marchand dual baluns are
implemented in a commercial GaAs pseudomorphic HEMT
(pHEMT) process for star mixers.

Besides, modern CMOS technology with downscaling of fea-
ture dimensions, multilayer of interconnected metal, and fea-
sibility of back-end integration becomes an interesting alter-
native for MMW IC designs. Therefore, we further propose a
3-D structure dual balun for a resistive star DBM using a stan-
dard commercial CMOS process. To the authors’ knowledge,
these mixers (using miniature transformer type Marchand dual
baluns) achieve the smallest chip sizes among the published
MMIC star mixers in the MMW regime.

II. STAR MIXER CONFIGURATION

A single-balanced mixer uses 180° baluns to cancel the
local oscillator (LO) signal at RF and IF ports, giving it good
LO-to-RF and LO-to-IF isolations [1]. However, RF-to-IF
isolation is not very good due to the unbalanced RF signal at
the IF port and, thus, a low-pass filter is required to reject the
RF signal at the IF terminal. Double-balanced ring mixers avoid
this problem by extracting the IF signal from the center tap of
the RF balun. This mixer requires an ideal tapped transformer
to realize the balun, and the IF connection in a ring mixer is
usually difficult to realize using practical microwave baluns [1].
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Fig. 2. Schematics of the: (a) star DBM, (b) star mixer using dual balun, and
(c) resistive star mixer using dual balun.

The star mixer shown in Fig. 2(a) overcomes the IF connec-
tion problem and has additional advantages as well, including
a wide IF bandwidth and dc coupled IF [1]. The four diodes
are connected to the common node, which is the IF output. The
RF and LO signals are fed to the diode bridge through a set of
transformers, which are often realized as parallel transmission
line baluns. The circuit topology in Fig. 2(a) is identical to the
traditional star mixer in Fig. 1(b). The circuit structure imple-
menting the novel dual balun proposed in this paper is shown in
Fig. 2(b), and the resistive star mixer using CMOS technology
is shown in Fig. 2(c).

III. TRANSFORMERS IN DUAL BALUNS

To design miniature mixers, three Marchand dual baluns
(three-conductor coupled line baluns) are proposed in this

paper. These transformers are designed according to the respec-
tive characteristics of the GaAs and CMOS MMIC processes.
In a typical GaAs process, there are only two metal layers,
which are not suitable for multilayer structures and, thus,
the transformer must be designed in edge-coupled form. A
CMOS process often supports multilayer metals; therefore, the
transformer can be designed using broadside-coupled lines in a
smaller area.

A. Double Spiral Transformer (Edge Coupled)

A Marchand dual balun is composed of two series-connected
three-conductor coupled-line sets [see Fig. 1(a)]. The two con-
ductor coupled line can be used as a spiral transformer, which
is widely used in MMIC design [8], [9], and a three-conductor
coupled line spiral transformer, which uses a similar layout,
called a double spiral transformer, is shown in Fig. 3(a), where
W and S are the metal width and spacing, respectively, and
LA is the area of the metal to backside via. The Marchand
dual balun [see Fig. 1(a)] is composed of two series-connected
double spiral transformers. The crossover lines and ground are
realized by air bridges and backside vias, respectively. The
double spiral transformer is equivalent to a three-conductor
coupled-line transformer. Lines A and B [see Fig. 3(a)] are
both a quarter-wavelength long at the desired frequency. For
the diode connection shown in the layout of Fig. 2(b), two
output ports [ports 2 and 3 in Fig. 3(a)] are needed in the upper
and lower sides of the transformer; therefore, these two lines
are not wrapped in the same manner. The signal excites port 1
and propagates along line C, and the power is coupled to lines
A and B due to edge coupling. Line C' must be longer than
the other lines to ensure that every section of the transformer is
formed with three-conductor coupled lines. Port 4 is used for
the other cascaded identical transformer. Output port sets 2-2’
and 3-3' are two differential outputs of the dual balun.

B. Tifilar Transformer (Edge Coupled)

The trifilar balun [see Fig. 3(b)] is also widely used in MMIC
designs [8], [10]. Different from the double spiral transformer,
the trifilar transformer is a symmetric transformer. Lines A and
B also have equal lengths of one quarter-wavelength at the de-
sired frequency. For the diode connection [see Fig. 2(b)], these
two lines, which start at the outside turn and go to the inside
turn and back to the outside turn repeatedly, are of equal length
and wrapped in the same way. Line C' must also be somewhat
longer than the other two.

C. 3-D Transformer (Broadside Coupled)

Due to the multilayer dielectric offered in the CMOS process,
the 3-D transformer is proposed, as shown in Fig. 3(c). The
3-D dual balun can be divided into three-layer cascaded trans-
formers; every part of the single-layer cascaded transformers is a
single spiral transformer. Lines A and B still are a quarter-wave-
length long at the desired frequency. As shown in Fig. 3(d), port
1 is the input port in the middle layer, and power is coupled to the
upper and lower layers due to broadside coupling. The output
signals at the two output port sets 2-2’ and 3-3 are differential.

There are two benefits of a broadside-coupled transformer
compared to the edge-coupled form. First, air bridges are not
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Fig. 3. Layouts of the: (a) double spiral transformer, (b) trifilar transformer,
(c) 3-D transformer, and (d) side view of 3-D transformer dual balun.

needed; the air bridge induces a capacitive parasitic, which can
reduce bandwidth. Therefore, a broadside-coupled transformer
balun will have a wider bandwidth than that of an edge-coupled
transformer. The other benefit is smaller size, which is very ob-
vious.

IV. MARCHAND DUAL BALUN FOR STAR MIXER

The star mixer requires two sets of dual baluns for RF and
LO signals, respectively. In order to optimize the mixer perfor-
mance, the even-mode impedance needs to be as high as pos-
sible, while the odd-mode impedance is approximately

Zod =0.5 Zd X ZO (1)

where 7Z; is the diode impedance or input impedance of
the transistor, Z; is the source impedance, and Zy, is the
odd-mode impedance of the transformer or balun [2]. Since
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Fig. 4. Computed conversion loss for odd-mode impedances of LO and RF
dual baluns. All the lengths in the baluns are a quarter-wavelength at 30 GHz.

the even-mode impedance is usually five times higher than
the odd-mode impedance in a Marchand balun [1], [2], we
therefore only need to consider Zy4 in (1). In the mixer de-
sign, the LO or RF balun odd-mode impedance Zy; can be
estimated from the substrate parameters and then the device
impedance (diode or MOS) Z,; can then be calculated based
on (1). However, because the impedance calculation using (1)
is for a pair of ideal coupled lines, while the input impedance
of the device Z; is complex and will vary under a high-power
pump in practical designs, we will suggest using only (1) to
estimate the initial required Z; of the device and obtain a range
of possible device sizes. After that, we should include the LO
drive and the desired baluns to observe the large signal effect
in the mixer performance via harmonic balance simulation.
Fig. 4 presents the simulated optimal conversion losses versus
input impedances of LO and RF dual baluns in GaAs or CMOS
processes with the considerations of the device size and LO
power. In the simulation, all the lengths of the balun are a
quarter-wavelength at 30 GHz. Every curve (RF or LO balun)
is simulated by varying the odd-mode impedance of the balun
and depends on the input impedance of the selected device.
Either for the GaAs diode or CMOS, the Z,; of RF and LO
baluns to be selected should be at the point where they have a
similar conversion loss. Therefore, 7,4 of RF and LO baluns to
provide the minimum conversion loss suggested in Fig. 4 are
approximately 28 and 33 €2 for the baluns in CMOS and GaAs
process, respectively.

The GaAs diode mixer is used as an example to explain more
clearly how the curves in Fig. 4 were obtained. Firstly, Zgq
was determined to be 33 €2 based on a 5-um metal width on
a 100-pm-thick GaAs substrate. Since 7y is 50 €2, we could
have Z; estimated to be 72 €2 from (1). Next we observed the
GaAs diode impedance under the LO drive from the simula-
tion and determined that the diodes with the sizes (gatewidth) of
40-120 pm have impedances from 60 to 90 €2 under a 5-dBm
LO drive. Therefore, we simulated the range of the diode size to
produce the curves for optimal conversion loss among the var-
ious diode sizes of Fig. 4. We concluded that 7.8-dB conversion
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Fig. 5. Chip photograph of the double spiral transformer dual balun. (0.8 X
0.5 mm?).
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loss with a diode size of 40 um and 7,4 of 32 € is the lowest
conversion loss achievable in this preliminary estimation, and
these parameters can be used for the mixer design. The curves
for the CMOS mixer were similarly obtained.

The dual-balun design procedure is summarized as follows:

1) calculate the quarter-wavelength for desired frequency L;

2) determine S (metal spacing) and W (metal width) for the

appropriate even- and odd-mode impedance from Fig. 4;

3) predict n (number of turns);

4) electromagnetic (EM) full-wave software simulation and

optimization.

In the design using the GaAs process, W and S are 5 ym
for maximum even-mode impedance and LA is 60 x 100 zm?.
The even-mode impedance of 133 2 and odd impedance of
33 Q) (see Fig. 4) are chosen for optimum performance of
the mixer. The center frequency is 40 GHz and performance
optimization is achived through EM simulation (Agilent EEsof
ADS Momentum). These first two balun circuits are designed
using a 0.15-upm GaAs pHEMT MMIC process, and wafer
probe measurements employ a four-port network analyzer
(Anritsu 37397D). The metal lines of RF pads and connections
are deembedded in the balun measurement results.

A. Double Spiral Transformer Dual Balun

In the test circuit of the double spiral transformer dual balun
shown in Fig. 5, one port is terminated by a thin-film resistor
of 50 Q. The balun size is approximately 400 x 200 ym?2. The
insertion loss of an ideal dual balun is 6 dB, and the simulated
and measured insertion loss results are approximately 8 and 8 to
10 dB. The simulated and measured amplitude differences are
1 and 2 dB at a frequency range of 25-58 GHz. The simulated
and measured phase differences are from —178° to —187° and
from —179° to —192° at the frequency range of 20 to 55 GHz
(Fig. 6).

B. Trifilar Transformer Dual Balun

The second test circuit of the trifilar transformer balun is
shown in Fig. 7. The design parameters are essentially the
same as those of the double spiral transformer dual balun. One
port is terminated with 50 2. The balun size is approximately
400 x 230 um?. The insertion loss of the ideal dual balun is
again 6 dB; the simulated and measured insertion loss results
are approximately 7-8.5 dB and 11-9 dB. The simulated
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Fig. 6. Double spiral transformer dual balun simulation and measurement re-
sult of: (a) insertion loss and amplitude difference and (b) phase difference.
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Fig.7. Chip photograph of the trifilar transformer dual balun. (0.8 x 0.5 mm?).

and measured amplitude differences are 1 and 2 dB in the
frequency range of 25-58 GHz, the simulated and measured
phase difference are from —182° to —178° and from —183° to
—171° in the frequency range of 20-50 GHz (Fig. 8). There
are two main differences between these two edge coupled
baluns, the first is frequency response. The bandwidth of the
double spiral transformer is wider than that of the trifilar trans-
former, which uses more air bridges. As a result, the capacitive
parasitic and more junction discontinuities restrict the perfor-
mance bandwidth and increase the insertion loss. Figs. 6(a)
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Fig. 8. Trifilar transformer dual balun simulation and measurement result of:
(a) insertion loss and amplitude difference and (b) phase difference.

and 8(a) compare the two; the bandwidth of the double spiral
transformer covers 20-60 GHz, while the trifilar covers only
20-50 GHz. Since the trifilar is a symmetric transformer, the
output signal covers more, is almost symmetric, and the phase
difference is smaller, but the insertion loss is worse. Another
issue is design complexity. The full-wave EM simulator of the
double spiral transformer is computationally costly because it
is not symmetric, and the adjustment of lines A and B (Fig. 3)
is somewhat tedious. In contrast, the trifilar is symmetric so the
equal lengths of lines A and B minimizes the adjustment and
thus simulation cost.

C. 3-D Transformer Dual Balun

For the 3-D transformer dual balun, the selected technology
is a 0.13-pm mixed-signal RF CMOS process. The foundry
process provides eight metal layers; the top metal M8 (metal 8)
is ultra-thick metal (UTM) and the other metals are thin metals.
To reduce the metal loss, two thin metal layers are stacked into
one thick metal layer by using a vertical via. The bottom metal
(M1) is the reference ground for the dual balun. A side-view
diagram is shown in Fig. 3, where a 3-um metal width and a
5-pm gap are selected to provide the odd-mode impedance of
28 2, chosen from Fig. 4. The test circuit photograph is shown
in Fig. 9. The dual balun exhibits wideband frequency perfor-
mance due to broadside coupling. The simulated and measured

Fig. 9. Chip photograph of the 3-D transformer dual balun. (0.4 x 0.3 mm?).
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Fig. 10. 3-D transformer dual balun simulation and measurement result of:
(a) insertion loss and amplitude difference and (b) phase difference.

amplitude difference are 1 and 3 dB at a frequency range of
25-50 GHz; the simulated and measured phase differences are
from —184° to —182° and from —186° to —176° at a frequency
range of 20-50 GHz (Fig. 10).

There are some discrepancies between the simulated and
measured results in the baluns. For the GaAs-based baluns,
the maximum error is 3 dB within the band of interest, which
we think it is due to the electrical parameters in the substrate,
such as the conductivity of the metal, dielectric constant, metal
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Fig. 11. Chip photograph of star mixer using double spiral transformer dual
balun with a chip size of 1 X 1 mm?.

loss, etc., being entered into the EM simulation tool perhaps
not being 100% accurate, especially in the MMW range.
Although the balun in Fig. 3(a) is not as symmetrical as that
in Fig. 3(b), the frequency response of the balun in Fig. 3(b)
suffers from additional capacitor effect caused by the air-bridge
crossover lines. The balun in the CMOS process even has a
larger error because the simulation environment of the silicon
lossy substrate might have more uncertainties. Moreover, all
measurements have limited accuracy, especially these difficult
measurements at very high frequencies. Inaccuracies are not
necessarily just the EM simulation. Fortunately, due to the
DBM architecture, the imbalances of these baluns are not very
crucial to the circuit performance.

V. STAR MIXER DESIGN METHODOLOGY AND MEASUREMENT

Three Marchand dual baluns are proposed in this paper,
and these three baluns are separately used in three star mixer
designs. The first two mixers are GaAs-based mixers; they
are realized using a 0.15-pm GaAs pHEMT MMIC process,
and the third mixer is a silicon-base resistive mixer realized
in a 0.13-pm mixed-signal RF CMOS process. These circuits
are simulated by a nonlinear circuit simulator (Agilent EEsof
Advanced Design System) and all three mixers are measured
via probing. Agilent E8241C is used for the LO drive and
HP83650B is used for the RF signal input.

A. Double Spiral Transformer Dual Balun Diode Mixer

The circuit in Fig. 2(b) is designed for a double spiral trans-
former dual balun mixer. A chip photograph is shown in Fig. 11
with a chip size of 1 x 1 mm? and core size of 0.55 x 0.5 mm?2.
The diodes of these mixers are all two-finger 20-um devices.
The diode is realized by connecting the drain and source of the
pHEMT as the cathode, while the gate metallization realizes the
anode. The cutoff frequency is near 300 GHz. For this diode, a
simple model of the parasitic includes a series resistance and a
junction capacitance; the series resistance is approximately 9 €2,
and the capacitance is approximately 0.05 pF. In Fig. 11, the
crossover lines are realized using metal air bridges. The shunt
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Fig. 12. Simulated and measured: (a) conversion loss and RF-to-IF isolation
and (b) LO-to-RF and LO-to-IF isolations at an IF of 1 GHz for the double
spiral transformer dual balun star mixer.

capacitor in the IF port realizes a simple RF filter. Fig. 12 shows
the measured and simulated results of this mixer with the RF
power of —15 dBm at an LO drive of 13 dBm. The conversion
gain is from —7 to —12 dB at a fixed IF of 1 GHz, the LO-to-IF
and RF-to-LO isolations are better than 40 dB, largely because
of the shunt capacitor in the IF port. The LO-to-RF isolation is
better than 20 dB due to the dual balun. The RF input 1-dB com-
pression point is approximately 5 dBm at 30 GHz.

B. Trifilar Transformer Dual Balun Diode Mixer

The circuit shown in Fig. 2(b) is realized as a trifilar trans-
former dual balun mixer. The chip photograph is shown in
Fig. 13 with a chip size of 1 x 1 mm? and core size of
0.55 x 0.4 mm?. Fig. 14 shows the measured and simulated
results of this mixer with the RF power of —15 dBm at an LO
drive of 13 dBm. Conversion gain is from —8 to —12 dB at a
fixed IF of 1 GHz; the LO-to-IF and RF-to-LO isolations are
better than 40 dB, again because of the shunt capacitor in the
IF port. The LO-to-RF isolation is better than 26 dB due to the
dual balun. The RF input 1-dB compression point is 5 dBm at
30 GHz. Since the LO-to-RF isolation of the mixer depends on
balance performance of the balun, the LO-to-RF isolation of
trifilar balun mixer is better than that of the double spiral balun

Authorized licensed use limited to: National Taiwan University. Downloaded on February 24, 2009 at 23:17 from IEEE Xplore. Restrictions apply.



KUO et al.: NOVEL MINIATURE AND BROADBAND MMW MONOLITHIC STAR MIXERS

dual balun _

__:('lu al balun

v I LT
£ T 4] o .-«j-‘
- - fagl -

L _—

s : L . :

IF | T
5 X r
Lor! Pass e =
Filter - - 11 - %
‘, ‘J* e “v | "_\

L= W T == -

Fig. 13. Chip photograph of star mixer using trifilar transformer dual balun

e

with a chip size of 1 X 1 mm?.

0 -20
-5 -30
] —A—A-A-A-A HA—A_4g L
10 A’A{ﬁﬂ ~D<D/D~D/¢"’:ﬁ:ﬁ:ﬁjﬁy \_‘/D—D\:\“\A\A 40
m N \D/L\%:k P
= 1 ¢ 04 T
v Vv _
£ B B Al i = o o e /Z:Vﬁ- 50 =
4 § { _.
o VA *-o. 1]
g 20 p 0 S L Y 4 60 &
B /H\’/ " ¢ r 55
o 25 -70 2
g / , —— e
8 b > —a— Conversion loss simulation @
-30 —o— Conversion loss measurement [ 20
. —o— RF_IF isolation measurement
35 ¢ —e— RF_IF isolation simulation 90
-40 ! ! . ! -100
25 30 35 40 45 50
Frequency (GHz)
(a)
-20 -20
30 [+ \"’\A o 4 25
VT ~iL T e ' - -
| v 7V~v—§>°<: N . e % 0\' A ,N
e V-V Y v-y—g-g-v-v A Py
[aa) VY XV~ O
T 40 —a /'J\D— -40 |
CC) ] A/‘ -a-at D:I/E\j \E 'I’QI
>4 O / _
] i S =t o /E/ g
5O "= T AviLs * g
C5 \ AA k‘ S
60 T 60 &
o A —o—LO_IF measurement @
1 \ / —A—LO_IF simulation =~
-70 A —o—LO_RF measurement || 7
\/ —v— LO_RF simulation
-80 ! ! T -80
25 30 35 40 45 50

Fig. 14. Simulated and measured: (a) conversion loss and RF-to-IF isolation
and (b) LO-to-RF and LO-to-IF isolations at an IF of 1 GHz for the trifilar trans-

former dual balun star mixer.

mixer. The isolations of the double spiral balun mixer and
trifilar balun mixer are better than 20 and 27 dB, respectively.
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Fig. 16. Simulated and measured: (a) conversion loss and RF-to-IF isolation
and (b) LO-to-RF and LO-to-IF isolations at IF of 1 GHz for the 3-D transformer

dual balun star mixer.

Due to the higher insertion loss of the trifilar balun, the LO
drive required by the trifilar balun mixer is higher than the
double spiral transformer mixer by 1.5 dB.
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TABLE I
PERFORMANCE COMPARISION OF STAR MIXER
[4] [5] [6] [7] This Work This Work
Technology Package Diode Schoktty Diode 0.1-um pHEMT Packaged Diode 0.15-pym pHEMT 0.13-um CMOS
connected diode diode
Dual balun Mousw’s junction | Lump Balun Traditional Two identical Double spiral 3-D transtormer
(hybrid circuit) Dual Marchand Marchand Baluns | transformer
Balun series-connected Trifilar transformer
(hybrid circuit)
RF Frequency 1~35GHz 1~ 6 GHz 50~75 GHz 1.2~ 2.8 GHz 25~55GHz 25~45 GHz
(20:1 Bandwidth) | (140% Bandwidth) | (40% Bandwidth) | (80% Bandwidth) | (65% Bandwidth) (57 % Bandwidth)
(Full V-band) 25~ 50 GHz
(62.5% Bandwidth)
LO Frequency N.A. 2 GHz 58 GHz 1.2~2.8 GHz 40 GHz 40 GHz
Conversion loss | 6~ 18 dB 8~10dB 12~20 dB 5~7dB 7~ 12 dB 8~13dB
8~12dB
RF-TF isolation | N.A. >30dB N.A. N.A. >30dB >30dB
LO-IF isolation | 10-20dB >20dB N.A. 23dB >30dB >30dB
LO-RF isolation | 15-30 dB 20-40dB 35dB 36dB >20dB >30dB
>26 dB
Size 370 mil CPS 0.8 x 0.8 mm? 1.5x 1.5 mm? 55 x 56 mm> 1 x 1 mm?2 0.57 x 0.6 mm?
Al4 coupled line | (A4/35xA/35)
Mixer core area | N.A. NA. (A/2xA/2) smaller than 0.5 x 0.4 mm? 0.4 x 0.3 mm?
(A/2xA12) (A/16%2/65) (A165xA417)

C. 3-D Transformer Dual Balun Resistive Mixer

The circuit shown in Fig. 2(c) is realized as the 3-D trans-
former mixer. The chip photograph is shown in Fig. 15 with a
chip size of 0.57 x 0.6 mm? and core size of 0.4 x 0.3 mm?2.
nMOS and pMOS devices are cascaded to connect with baluns.
For the same input impedance, the total width of 32 ym is se-
lected for the pMOS device, which is twice that of the NMOS.
All transistors operate in a passive mode. The input impedance
of the MOS devices can be represented by a simple model,
which is a series 20-€) resistor and 0.05-pF capacitor. Since
the silicon subtrate is lossy, higher LO power than those in the
GaAs-based mixers is needed. Therefore, dc bias of the tran-
sistor near the turn-on region is required. 3-k{2 resistors are con-
nected to the gate of the MOS devices and dc pad, and four dc
blocking capacitors are series connected to the balun and gate
of the MOS devices. Two near-threshold voltages supply 0.5 V
and —0.5 V to the gate, and a bias-T is used to connect the IF
and dc grounds. Since the devices are biased near the turn-on
region, LO power of only 7 dBm is required. Fig. 16 shows the
measured and simulated results of this mixer with the RF power
of —15 dBm and LO drive of 6 dBm. The conversion gain is
from —8 to —14 dB at a fixed IF of 1 GHz, and the LO-to-IF
and RF-to-LO isolations are better than 40 dB. The LO-to-RF
isolation is better than 30 dB, due to the balance of dual balun;
the output power level is approximately —30 dBm.

It is observed that the imbalances of the baluns are up to
3-dB differences (Figs. 6, 8, and 10), but the LO-to-RF isola-
tions of the mixers are still acceptable due to the natures of the

double-balanced mixers. We have seen this consistently with
other star mixers. Regarding the LO-to-IF and RF-to-IF isola-
tion since there is a low-pass filter with 3-dB cutoff frequency of
approximately 7 GHz with over a 30-dB rejection above 25 GHz
in the IF path, the isolations for 1-GHz IF are taken care of by
this low-pass filter.

Table I compares a number of published results of star mixer
designs. In this table, an ultra-broadband mixer is proposed by
Chang er al. [4]; however, the mixer still needs two /4 CPS
lines, and a special absorber or suspended substrate for ultra-
broadband performance. Therefore, it is difficult to realize in
MMICs. Wideband performance and full V-band performance
using a traditional balun and novel hybrid Marchand dual balun
and are presented by Yeom and Ko [6] and Kim et al. [7] with
a complete analysis of drain—source and drain—gate connected
pHEMT diode performance is discussed [6]; however, the cir-
cuits still need A/2 baluns and lead to large areas. A miniature
mixer using lumped-element baluns is proposed by Chiou et al.
[5], but this circuit cannot be realized in the MMW range be-
cause of the low self-resonant frequency of the lumped baluns.
Therefore, the novel proposed star mixers in this paper indeed
demonstrate good performances with smallest size compared to
the previously reported star mixers.

VI. CONCLUSION

In this paper, three novel small-size and high-performance
star mixers have been proposed; the LO poweris 13 and 15 dBm
and 7 dBm for GaAs- and silicon-based mixers, respectively.

Authorized licensed use limited to: National Taiwan University. Downloaded on February 24, 2009 at 23:17 from IEEE Xplore. Restrictions apply.



KUO et al.: NOVEL MINIATURE AND BROADBAND MMW MONOLITHIC STAR MIXERS 801

These three mixer cores occupy only 500x 500 zm? (A/6x \/6)
or smaller. Compared to the traditional star mixers, which typi-
cally need a core area of A/2 x A/2, a size reduction of almost
80% is achieved. Among these mixers, the 3-D balun mixer pro-
vides the best isolations and smallest chip size, but requires a
multilayer MMIC process. In the GaAs-based mixers, higher
LO-to-RF isolation of the trifilar balun mixer can be achieved,
with the requirement of a higher LO drive.
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