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Wide-1F-Bandwidth CMOS Mixer Design

Student: Sz-Yun Luo Advisor: Robert Hu
Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University

Abstract

This papers describes the development of a wide-1F-bandwidth down
converting mixer, with the RF frequency chosen to be 8.7-17.4GHz, LO fixed at
17.4 GHz and IF close to DC-8.7GHz. The design of this 0.18um CMQOS mixer
demands particular attention .t0 details, ‘as.some techniques developed in the
analog and even a few GHz frequency range cannot be directly applied without
causing considerable system degradations.-To increase the signal transfer
efficiency and minimize all the.common-mode signals and those unwanted
differential mode harmonics at RF circuit, a passive Marchand balun is adopted
in designing this mixer's RF circuit. To minimize the circuit's bias voltage Vbias,
the drain current of the transconductor pair is set to completely by-pass the four
mixing transistors, and IF active balun is applied to convert the output
differential signal to single-ended signal.

Related circuit theories will be explored and expect to be confirmed by using
both simulated and measured results. Similar mixers that operates at much
higher RF frequencies have also been planned, thus facilitate the development of

a compact wide-1F-bandwidth receiver module.
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Figure Captions

Photograph of a radio receiver.

Equivalent circuit of the double-balanced mixer.

Schematic of the wide-band receiver.

Distribution of the four IF bands with f.o = 8.7GHz.

Different circuit configurations used to convert the single-ended RFin
into the differential-mode RFuirr .

Input RF circuit where the input inductor Ls for impedance match can

be implemented as a microstrip line outside the chip. The Marchand

balun isused to provide a differential-mode RF-uitr.

Spiral inductor under test.

Spiral broadside-coupled Marchand coupler.

Mixing circuit with: LO injection.
Output IF circuit.

Layout of the preliminary wideband mixer.



Chapter 1
Introduction

1.1 Motivation

To transform the radio-frequency (RF) signal to a much lower intermediate
frequency (IF), down-converting mixers have to be used. For instance, in the
radio receiver shown in Fig. 1, the 7MHz incoming RF can be down-converted
to the audio IF via two Philips mixers SA602A, where the local oscillator (LO)
frequencies are set to 2.1MHz and 4.9MHz, respectively [1]. To increase the
signal transfer efficiency and thus sensitivity, an impedance transformer is then
added in front of the first-stage mixer. Because of the relatively narrow
band-width, a high-Q (quality factor) band=pass filter is inserted after this mixer.
Though an analog circuit stalwart, this transistor mixer's double-balanced circuit
configuration have been readily. appearing in° microwave and millimeter-wave
applications; however, not all“the. techniques developed for further improving
the mixer's performance, at low frequency or even a few GHz, are directly
applicable at tens of GHz. For example, with large portions of il and i2 now
come from the extra current sources, as indicated in Fig. 2, both i3 and i4 can be
reduced in magnitude [2]. Without affecting the value of Vuis, it is now eligible
using larger Rc to increase the circuit's overall conversion gain. However, since
the extra current sources are usually made of p-type transistors, their output
impedance Zc tends to be small at high frequency, and thus deteriorates this
mixer's performance as frequency increases. If the p-type transistor is replaced
by a large resistors for constant Zc, the bias voltage Vbiss Needs to be increased
for this part of circuit [3].

The challenge in designing a well-performing microwave or millimeter-wave
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mixer is even obvious when considering another factor: IF bandwidth. So far,
most of the mixers with normal-biased transistors, as contrast to resistive
transistors with no drain bias, have their wide-band proclamation illustrated by
shifting the LO across the intended RF bandwidth, while keeping the IF
band-width comparatively small [4], i.e., wide RF-bandwidth but narrow
IF-bandwidth. With an IF bandwidth of hundreds of MHz, a large output can be
easily achieved by replacing each Rc in Fig. 2 with an appropriate p-type
transistor, as which is capable of providing a large impedance at low frequency.
However, when the IF bandwidth is extended to several GHz, the rapidly
decreasing impedance of this active p-type load becomes a liability, as it leads to
a large variation of the conversion gain over the intended bandwidth: extremely
high at the low-end of the output frequency range while at high-end it is
mediocre or no better than that of mixers using Rc. Likewise, the use of extra
current source and large Rcfor 10:20dB conversion gain will lose its appeals as
IF bandwidth increases, because the IF voltage is now mainly determined by the
much lower input impedance of the following stage rather than Rc itself.

Fig 3 is the schematic of a millimeter-wave receiver which will be used in the
form of array for the determination of the anisotropy of the cosmic microwave
background radiation, and it demands the employment of several wide IF
bandwidth mixers. As indicated by the number inside the crossed circle, the first
mixer will down-convert the amplified 78.3 - 113.1GHz signal to DC - 34.8GHz,
or more precisely, 0.2 - 34.8GHz. Four bands are then separated using amplifiers,
filters and another three mixers, with each has the same IF bandwidth of 8.7GHz;
the LO frequencies are fixed at 17.6GHz, 17.6GHz and 26.3GHz for equal
bandwidth partition. Though the commercial Marki M1R0920, Hittite HMC292
and HMC329 can be used for mixers 2, 3 and 4, respectively, their conversion
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losses require the adjacent amplifiers inside and outside module to be very
high-gain. Besides, these passive mixers' poor impedance matching at RF, LO
and IF ports inevitably contribute to the rippled responses versus frequency in
their corresponding bands.

The existing system's shortcomings therefore prompt us to design the wide
IF-bandwidth down-converting mixers with matched ports, low noise
temperature, positive over-all conversion gain and, most important of all, a clear
IF output spectrum. In this paper, we intend to focus on the second mixer, which
has its input frequency range being 8.7 - 17.4GHz and LO set to 17.4GHz, as
shown in Fig. 4. The reason why not using a 8.7GHz LO to down-convert the
RF is because this LO is bordering the IF band, thus any residual LO at IF

output is hard to remove; by contrast, a 17.4GHz LO will not have this problem.
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Fig. 2. Equivalent circuit of the double-balanced mixer. The six transistors are
of n-type. At low frequency, extra_current sources, as indicated by the dotted

lines, can be added so Rc can be increased without affecting Vuiss, and thus

improves the circuit's performance.
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Fig. 3. Schematic of the wide-band receiver. With f.o = 8.7GHz, the incoming
78.3 - 113.1GHz signal will first be amplified and then down converted onto
DC.34.8GHz, which will be further split into four separate bands of equal
bandwidth. The front-end amplifier and mixer are located inside the cryostat

from sensitivity consideration, while the rest are at room temperature.
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Fig. 4. Distribution of the four IF bands with f.o = 8.7GHz. The DC - 4fio
frequency range will be divided into 4 bands. The first band can be extracted
using a low-pass filter while the_ second, third and forth bands have to be
down-converted first using mixers with.their.LO frequency set to 2fio, 2fio and

3fio, respectively.



Chapter 2
Wide-1F-Bandwidth Mixer Design

2.1 Input RF circuit design

The commercial TSMC 0.18um RF-CMOS processing technology is chosen
in designing this mixer. To facilitate the circuit analysis, we intend to have all
the transistors used in this mixer to be identical. In this section, the mixer's input
RF circuit will be explored.

Granted, there are many circuit configurations available for converting the
single-ended RF signal to differential-mode, and one is the differential pair with
one input port grounded, as shown in Fig. 5. If two RF signals, say, 11GHz and
9GHz, are presented at the input, then both differential-mode and
common-mode 11GHz and 9GHz will be appearing at the transistors' gates. Due
to the inevitable nonlinearity of the transistors, both 2GHz (as 11GHz minus
9GHz) and 20GHz (as 11GHz plus 9GHz) differential-mode signals can be
detected at RFdirr , as defined on the drains. Now, even with a perfect
differential-mode LO of 8.7GHz and an ideal IF transformer, there will be the
6.7GHz (as 8.7GHz minus 2GHz) and 11.3GHz (as 20GHz minus 8.7GHz)
signals at IFout. With our designated DC.8.7GHz IF bandwidth, this unintended
6.7GHz thus causes spectrum disturbance.

Of course, it is possible replacing one n-type transistor with an appropriate
p-type one, so the biasing current i can be reversed and equals in magnitude to
11, as indicated by the arrow 1 of Fig. 5. With Ls readily removed, the
common-mode signal on RFdirr can be suppressed. Indeed, it works excellent
with several-GHz RF and narrow-band IF [5], though a larger Vvies Will be

needed for biasing the two in-series transistors. However, because the
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impedance between the transistor's emitter and ground can no longer be
neglected at high frequency, the 9GHz and 11GHz signals at RFin still bring in
the differential-mode 2GHz and 20GHz ones at RFdirr , and thus 6.7GHz and
11.3GHz output at IFout.

Rather than using the p-type transistor, if another differential pair is added to
the original circuit configuration, as now indicated by arrow 2 of Fig. 5, the
unwanted 6.7GHz will still appear at IFair by the same reasoning. Lastly,
conversion gain degradation notwithstanding, differential-mode signal can also
be extracted from the drain and source of the transistor, as indicated by arrow 3
of Fig. 5, where the capacitor C, is for high-frequency phase compensation.

With good common-mode suppression for the fundamental frequencies, the

9GHz and 11GHz on V. will;mostly_be differential-mode; however, the 2GHz

and 20GHz signals (due te the nonlinearity of the first transistor) at V. are

mostly common-mode. When'the nonlinearity of the differential-pair transistors
comes to play, differential-mode 7GHz (9GHz minus 2GHz), 9GHz (20GHz
minus 11GHz), 13GHz (9GHz plus 2GHz), and 31GHz (20GHz plus 11GHz)
signals all appear at RFuif .

To minimize all the common-mode signals and those unwanted differential
-mode harmonics at RFdirr , @ passive Marchand balun is adopted in designing
this mixer's RF circuit [7], as shown in Fig. 6. Neglecting its loss, this balun can
have its S-parameters expressed as

0 j/V2 —j/V2
Slparn = | 4/V2 1/2 1/2 (1)
-j/v2 1/2 1/2
where the coupling factor is assumed -4.8dB. Therefore, port 1, as indicated by

9



the number in the figure, is matched, while the output signals on ports 2 and 3
are 180 degrees out of phase [8]. As the balun will indeed be fabricated on the
lossy silicon substrate, this RF front-end loss will greatly affecting this mixer's
noise performance, a one-stage transistor circuit is then constructed in front of
this balun for noise suppression. A matched input impedance of this input RF
circuit can now be achieved by fine-tuning the transistor's loading impedance
and its input inductor Ls [6]. At this moment, the input RF circuit can have its
S11 below -15dB within the intended frequency range. As this part of the mixer
operates at 8.7 - 17.4GHz, which is far beyond the reach of the active load from
p-type transistors, a series Rd Ld is chosen for the transistor's drain bias branch,
whereas the gate bias is through a large resistor. Of course, with relaxed
constrain on chip size, transformer feedback.can indeed be applied for achieving
even better S11 while retaining a low noise temperature [9]. As for the
bisymmetric class-AB input stage [10],-[11], the resistive version tends to be
noisy while the inductive version:takes-t0o0 much space. Besides, the nature of
the RF signal in our system means it is far from high power.

Prior to the design of the Marchand balun, accuracy of the simulation needs to
be confirmed. Fig. 7 shows both the measured and simulated results of a 3.5-turn

spiral inductor. Here the solid curve is provided by the vendor, while the dashed
curve is carried out by us using HP-Momentum, with 10(2-cm resistance chosen

for the lossy silicon substrate, and the top-layer metal is 6um-wide. Agreements
between the measured and simulated results remove any suspicious on the simu-
lation accuracy. Fig. 8 is the layout of the spiral broadside-coupled Marchand
balun, with input port 1 and output ports 2 and 3 indicated. The simulated output

phase difference is 180+3 degrees, and which can be further improved.
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Fig. 5. Different circuit configurations used to convert the single-ended RFin
into the differential-mode RFuirr . Perfect differential-mode LO and idea IF balun

are assumed in analyzing these four different conversion approaches.
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Vbias Marchand
balun

Fig. 6. Input RF circuit where-the input.inductor Ls for impedance match can
be implemented as a microstrip line outside-the chip. The Marchand balun is

used to provide a differential-mode RFqit.
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Fig. 8. Spiral broadside-coupled:Marchand coupler. Port# 1 is the input, and
ports# 2 and 3 are the outpuf;:?"\'?ﬁith Iéﬁl,(;iggj-ﬁgé;’phase difference.
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2.2 Mixing circuit design

To minimize the circuit's bias voltage Vbvies, the drain current of the differential
pair is set to completely by-pass the four mixing transistors, as shown in Fig. 9.
And by operating these four mixing transistors as variable resistors where the
resistance is modulated by the LO signal, the biasing circuit can be greatly
simplified as both the drain and source of the transistors are now connected to
ground through large resistors. One plausible advantage of this resistive mixer is
that it will have small second-order intermodulation [12], though a detailed
analysis on the CMOS situation has not been carried out yet. The other
advantage is that the equivalent circuit for each of these mixing transistors will
now be less frequency-dependency, thus is more suitable for wide IF bandwidth
application. In the simulation; a larger-econversion gain can indeed be observed
when the drain bias is applied; however, discernible conversion gain variation
over the whole IF bandwidth: restrais’its usefulness. Resistive mixer, on the
other hand, tends to have constant conversion gain, and is more straightforward
in terms of biasing. Since the analysis of the mixers is mostly limited to narrow
IF bandwidth [13], its wideband counterpart needs to be theorized too in our

case, which means this part of the circuit is far from finished.
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2.3 Output IF circuit design

Even being designated as IF, its 8.7GHz upper frequency prohibits the use of
p-type transistors and thus some related circuit techniques for converting the
differential-mode IF to single-end signal, as which will cause a large conversion
gain degradation when frequency increases. On the other hand, the 0.2GHz
lower frequency of the IF band prohibits the use of on-chip passive baluns.
Active balun made of two n-type transistors is therefore employed, as shown in
Fig. 10. Neglecting Cgs and Cqq, there is at very low frequency

71
Vous = —2b— (GA
1+ GA 7L

T

Va—GE Vp) (2)

where Z0 L is the in-parallel impedance of ZO0, R”; and R®, and the superscript
indicates the transistor designated. In addition-to improving the output linearity,
the optional emitter resistors (not-shown-in the schematic) can even adjust each
transistor's transconductance gain-if they are not equal to each other [14], [15].
To improve the common-mode rejection ratio at high frequency, a conventional
differential pair is further added, with it emitter inductor Ls resonates at 10GHz.
A common-mode rejection ration (CMRR) around 40dB is observed across the

whole bandwidth.
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Fig. 10. Output IF circuit. Each transistor's gate biasing sub-circuit is omitted.
The differential pair sub-circuit is responsible for high-frequency common-mode
rejection while the in-series:sub-circuit-is. mainly for low-frequency response.

The output DC-blocking capacitor Cout 1S placed outside the silicon chip to allow

the lowest frequency output.
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2.4 Circuit layout and measured results

As shown in Fig. 11, a simplified mixer circuit has been designed and
submitted for fabrication for a preliminary evaluation. However, due to some
inadvertent layout errors, this circuit cannot function properly and no measured

results are obtained.
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Fig. 11. Layout of the prel d mixer. Due to some layout errors,

no measured results can be obtai is circuit.
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Chapter 3

Conclusion

With the design of the wide IF bandwidth mixer using 0.18um CMOS
technology in progress, we expect a reliable prototypical circuit to be available
in two year's time. Then the 0.13um CMOQOS technology will be adopted in
designing all the three mixers mentioned at the beginning of this paper, which
together cover the RF frequency of 8.7.34.8GHz. Meanwhile, theory for the
optimized impedance of the input Marchand balun will be explored and
theorized, so does the intended bias for the four mixing transistors. As for LO
balun, since it works at one frequency point for each mixer, we are looking for

ways to minimize its physical’dimension by further folding its layout.
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