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*Electrical Engineering Department, Eindhoven University of Technology, the Netherlands

‘NXP Semiconductors, Eindhoven, the Netherlands

Abstract The 1GHz target IF bandwidth of 60GHz
zero-IF mixers makes conventional single- and double-
parameter tuning methods ineffective for suppression of
second-order intermodulation distortions across the whole IF
band. In this paper a three-dimensional circuit parameter
tuning method is used to address this problem. Output
resistance, output capacitance, and gate biasing of the
switching pairs are three parameters chosen for tuning. The
mixer is designed and fabricated in CMOS 45nm technology.
Measurement results show that the IMD2 tones across the
whole 1GHz IF band can be suppressed simultaneously to
within the noise level. The measured power conversion gain,
IIP3 and typical corrected IIP2 of the mixer are 7dB, -7dBm
and 27dBm, respectively.

Index Terms Mixer, mm-wave,
intermodulation distortion, wideband, zero-IF.

second-order

1. INTRODUCTION

While offering the possibility of low-cost and compact
solutions for receivers operating in the license-free band
around 60GHz, zero-IF receiver architecture suffers from
problems such as dc offset, flicker noise, and second order
intermodulation distortions. The latest drafts of the
IEEE802.15.3c standard set strict requirements on the
linearity of 60GHz receivers [1]. Furthermore, tolerating
the interfering signals, which may be very common after
successful ~ commercial  proliferation of 60GHz
transceivers, requires highly linear receivers.

Multi-Gbps applications envisioned for 60GHz band
require around 1GHz of IF bandwidth. Therefore, any
IMD?2 cancelation mechanism applied to a 60GHz mixer
must be functional across a wide frequency range.
Narrowband IMD2  cancelation techniques, like
conventional single-parameter and double-parameter
tuning, are not beneficial since they suppress IMD2 at only
one single frequency point [5]-[7].

In this paper a three-parameter tuning method is
proposed and is shown both in theory and measurement to
be effective in wideband cancelation of IMD2. In Section
IT the mechanisms responsible for IMD?2 generation in a
Gilbert-cell like mixer are explained. In Section III
different methods of IMD2 cancelation are investigated
and conditions for wideband functionality of these
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methods are derived. In Section IV a circuit is proposed to
implement and test the three-dimensional tuning method
suggested in Section III. Section V presents the
experimental and measurement results.

II. SECOND ORDER INTERMODULATION MECHANISMS

Downconversion mixer is normally the main contributor
to second order nonlinearity distortions in a zero-IF
receiver. The low-frequency second-order distortions
generated in the RF path preceding the mixer can easily be
filtered by RF coupling or band-pass filtering. Fig. 1
shows a typical Gilbert-cell-like mixer used in this study
[2]. Input RF voltage is applied via two RF-coupling
capacitors to the switching stage. The CL capacitors
represent the input capacitance of the following stage as
well as the parasitics of the switching transistors at the
output node. The differential output IMD2 voltage
(Vimd2.our)» comes from two sources: 1) the common-mode
output IMD2 current combined with output load mismatch
and 2) the differential-mode output IMD2 current, as
defined in (1) and (2) respectively.

I

_ Limaz,
imd2CM

+1
2

imd2,2

ey

1 1

2

Iimdmsz = Linaog " iz

where, Ij¢, and Ij,g, are as shown in Fig. 1. The
differential output IMD2 voltage is described as a function

of these currents in (3).
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Fig. 1 The mixer used in this study
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where, Z; ; and Z; , are the impedances seen from Vg,+
and V- nodes to the RF ground respectively as shown in
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where, R, is the resistance seen from the output node.

Defining a nominal value for output impedance as in
(5), the differential output IMD2 voltage can be rewritten
as a function of common-mode and differential-mode
output IMD currents as depicted in (6).

Z,,=7Z,(0+0z)
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Limaocm 1s a function of the input-stage and switching
stage even-order nonlinearities and is present at the output
current even if there is no mismatch in the circuit.
However, it can be vanished in the differential output
voltage by a perfect matching between Z; ; and Z,.

Three mechanisms are responsible for generation of
Limaopir: self-mixing, input stage nonlinearity combined
with switching pair mismatches, and switching pair
nonlinearity combined with its mismatches [3]. Self-
mixing is a result of the leakage of RF signal to the LO
and vice versa. It is in general a function of the layout
parameters and can be activated by any kind of mismatch
in the LO or RF paths. The contribution of the second and
third mechanism is determined by the mismatch between
transistors in the switching pair [3]. The mismatch
between the two transistors in a differential pair can be
represented by an equivalent voltage offset at the gate of
one of them [4]:
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where, Ips is the biasing current of the transistor,
B=p,CoxW/L, 0 is the factor taking into account the
velocity saturation effect, and Vry is the threshold voltage.
Therefore, these mechanisms can only be activated if there
is mismatch between the switching stage transistors. The
effective mismatch between transistors can be controlled
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by modifying the biasing voltage of the gates of
transistors.

III. WIDEBAND IMD2 CANCELATION

In this work it is assumed that the downconverted
interfering signal at IF is wideband. However the interferer
bandwidth is assumed small compared to its carrier
frequency so that the interfering signal at RF can be
considered as narrowband. Thus wideband IMD2
cancelation means that the IMD2 must be suppressed over
the entire IF bandwidth.

Vina2oww c€an be minimized by tuning different
parameters. Single-parameter tuning methods can adjust
Vo to vary Linapir [S]. They can also adjust output
resistance mismatches (0R,,) or output capacitance
mismatches (6Cp) to vary dz; [6]-[7]. To make the two
terms in (6) cancel out each other by tuning only one
parameter, the following should be satisfied:

_ aRuut B R()ut CL 5CL -] a)h _

(1+R,C,jw,)

out

1

imd 2 Diff

Y, (€))

293
imdCM

where, o, is the IMD2 frequency at the output of the
mixer. Higher powers of 6R,, and 3C; are neglected in
this approximation of dz;. However, choosing only one
parameter to tune, can only satisfy (9) at one single
frequency point, because for each frequency the tunable
parameter has a different optimum.

Even a two-dimensional tuning involving 6R,, and 8C
is not sufficient [7], because it can only set (6) to zero at a
single frequency point.

The approach chosen in this work is tuning all three
parameters at the same time. This will result in
simultaneous nullification of both terms in (6) as shown in
(10) and (11). Since both 6R,, and 8C;, are set to zero in
this approach, nullification of 8z is (ideally) frequency-
independent. Due to narrowband assumption of interferer
at RF, V, can be chosen in a way that all three
mechanisms responsible for Ij,qpir can cancel out each
other.
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52 — out 0 10
‘ (1 + Rom CL Jwb) ( )
1imd2Diﬁ” (Voﬁ):() (1)

IV. CIRCUIT DESIGN

The circuit of Fig. 1 is modified to implement the three-
dimensional tuning explained in Section III, resulting in a
new circuit schematic as shown in Fig. 2. Variable



resistors and varactors are added to the output, to provide
tunability of the output impedance as required by (10).
Variable resistors are in the simple form of series
transistors biased in the triode region. The biasing of the
gates of the switching pair transistors is adjusted
separately for each half-circuit as required by (11).

The circuit is designed and fabricated in CMOS 45nm
technology. The supply voltage (VDD) is 1.1V. VR- and
VR+, which control the value of the variable resistors, are
differentially tuned around 100mV. VC- and VC+ control
the varactors to tune the output capacitance and are
differentially tuned around 500mV. VG- and VG+ tune the
biasing voltage of the gate of switching pair transistors and
are differentially tuned around 0.9V. The circuit draws less
than 600uA from VDD. The complete chip includes the
mixer core shown in Fig. 2 as well as two active baluns
and matching networks at RF and LO inputs. In addition
an IF buffer is used at the IF output to drive the 50 Ohm
load of the measurement equipment.

V. MEASUREMENT AND EXPERIMENTAL RESULTS

To test the capability of IMD2 cancelation across a wide
IF frequency range, a three-tone out-of-band signal is
applied to the RF input of the mixer to emulate an out-of-
band interferer. The three tones are at 61.07GHz,
61.130GHz, and 62.1GHz. The LO signal is at 60GHz.
Therefore, the resulting IMD2 terms are at 60MHz and
970MHz which are measured as a function of the tuning
parameters. There is another IMD2 term at 1030MHz
which is considered as out-of-band and is not measured.
The closest fundamental term of the downconverted
interferer is at 1070MHz which is also measured as a
function of tuning parameters to see how much the
conversion gain can be affected by IMD2 cancellation.
One of the IMD3 terms is also measured to observe the
variation of IMD3 due to IMD2 cancelation.

Fig. 3 shows the variation of IMD2 when VR and VC
are changed simultaneously while keeping VG equal to
zero. VR is swept from -40mV to 40mV in steps of 0.5mV
and in each step VC is swept from -300mV to 300mV in
steps of SmV. According to Fig. 3 IMD2 tones at 60 and
970MHz are never at the lowest points simultaneously,
proving the inefficiency of two-dimensional tuning in this
case. However as shown in Fig. 4 when VG is also tuned
an optimum point can be found where both 60MHz and
970MHz IMD?2 terms can be reduced to -70dBm. In this
case three-dimensional tuning improves the IMD2
components at 60MHz and 970MHz by 10dBm and
20dBm respectively. Fig. 5 shows the measurements of
another sample with two different interferer scenarios.
First the IMD2 tones at 60MHz and 970MHz are
generated as in Fig. 5(a). Then they are suppressed by

tuning as in Fig. 5(b). Afterwards, the interferer scenario is
changed without changing the tuning to give two already
suppressed IMD?2 tones at 60MHz and 470MHz as in Fig.
5(d). Fig. 5(c) shows the IMD2 tones after removing the
tuning. Measuring IMD3 and fundamental components
during the sweeps reveals that the maximum variations of
these terms occur when VG is varied. IMD3 and
fundamental term are degraded by a maximum of 0.5dB
and 1dB when VG is varied by #20mV. The measured
power conversion gain, IIP3 and typical corrected IIP2 of
the mixer are 7dB, -7dBm and 27dBm respectively.
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Fig. 2 Circuit schematic of the mixer with tunable output
impedance and tunable gate biasing
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Fig. 3 IMD2 tuning by simultaneous variation of VC and VR while
keeping VG constant at 0: wideband cancellation not possible
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Fig. 4
keeping VG constant at -10mV: wideband cancelation possible

IMD2 tuning by simultaneous variation of VC and VR while



VI. CONCLUSION

It is demonstrated both in theory and measurement that
the presented three-dimensional tuning method is
beneficial for wideband cancelation of second order
intermodulation distortions (IMD2) in a zero-IF
downconverter. The resistance and capacitance at the
output of the mixer as well as the gate biasing of the
switching pairs are the three parameters used for tuning. A
60GHz zero-IF mixer is designed and measured on-wafer
to show that the proposed tuning mechanism can
simultaneously suppress IMD2 tones across the whole
1GHz IF band while having minor effect on the conversion
gain and third order intermodulation distortions.
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Fig. 5 Simultaneous suppression of IMD?2 tones across the whole 1GHz IF band (shown by markers 1 and 2) at three exemplar points: a) without
tuning: IMD?2 tones at 60MHz and 970MHz, b) with tuning: IMD2 tones at 60MHz and 970MHz, c) without tuning: IMD2 tones at 60MHz and
470MHz, d) preserving the same tuning as in (b): IMD2 tones at 60MHz and 470MHz
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