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Figure 53. a) The simulated phase difference between the quadrature IF signals versus

the frequency of a 2mW sub-harmonic LO reference. b) The phase difference versus
power at 4.675 GHz(blue), 4.7 GHz(red), and 4.725 GHz(violet). Phase error up to 10
degrees is observed and can severely limit the IRR.

a. b.

Figure 54. Image rejection ratio given that the IF signals are summed through a perfect
quadrature combiner. In a) the IRR is shown versus the frequency of a 2mW sub-
harmonic LO reference. In b) the IRR is shown versus LO power at 4.675 GHz(blue), 4.7
GHz(red), and 4.725 GHz(violet).
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CHAPTER 5

MEASUREMENT

This chapter discusses measurements of the four variations of the quadrature
generation and frequency conversion system fabricated for this thesis. Section 5.1 will
cover the procedures used to perform the measurements. Sections 5.2 and 5.3 present the

results for the fundamental and sub-harmonic systems, respectively.

5.1 Methodology

Fabricated parts were received as bare die. During testing, pads on the die were
either contact probed or wirebonded. DC signals, such as the 1.8V supply line, were wire-
bonded to a carrier PCB. RF signals were probed via specialized 40GHz GSG(ground-
signal-ground) or GSSG(ground-signal-signal-ground) wafer probes. Images of the test
setup are shown in Figure 55. The cut die and the PCB used for testing are shown in
Figure 56 and Figure 57. The bondpads along the edges of the die are 150um square with
250 micron pitch and can be wire-bonded to the custom carrier PCB for testing. The
internal bondpads, used exclusively for contact probing, are 115 um square with 150

micron pitch. All bondpads on the fabricated die are aluminum.

Different test configurations were used to measure the various performance
parameters of the fabricated system. These are detailed in sections 5.1.1 through 5.1.3. A
brief discussion of the fabrication process, IBM 7RF, can be found in the appendix to this

thesis.
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Figure 55. a) The test set up, including probe station and instrumentation, in LAMMDA
Lab. b) Close up view of microwave probes over the fabricated die.

CIREXX =1
94v-0 1509

Figure 56. The PCB used to test designs on the fabricated IC. This image was taken before
wire-bonding. The die is attached with silver-epoxy to a Imm gold spacer that is soldered to
the PCB. The spacer provides a good substrate ground and enough clearance from nearby
surface-mount devices for contact probing.
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Figure 57. Micrograph of the 5mm X 5mm test die. Included are—a) Two variations of
the complete IQ upconversion/downconversion sub-system with a fundamental LO
reference. b) Two variations of the system with a sub-harmonic reference. c¢) The
fundamental LO conditioning circuits alone. d) The sub-harmonic LO conditioning
circuits alone. e) Injection-locked LC oscillator test circuits. f) Two gain-phase controller
circuits. g) Gain-phase controller transmit and receive amplifier test circuits. h) The
combined IQ up/down conversion and gain-phase controller blocks.
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5.1.1 Conversion Gain, Locking Range, IIP3, and Power Dissipation

For the measurement of conversion gain, locking range, intermodulation
distortion, and the overall power dissipation, the test configuration shown in Figure 58
was used. The bold italic text indicates system outputs that are monitored with various
test equipment throughout the measurement process. These ports are each terminated to
50Q during measurements. The block labeled “DUT” is one LO conditioning and mixing
device from the die pictured in Figure 57. Due to the restrictions of the probe station and
available translation axes, only three multipoint probes could be used simultaneously to
measure or excite RF ports in the device. As a result, one set differential IF ports, I or Q,
must be left open while the other is measured. At the IF frequency, the open IF output
port of one mixer will not noticeably affect the measurement being performed at the IF
port of the other mixer. At the RF frequency, RF energy will continue to be shorted

across the IF capacitor as shown in Figure 9.
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Figure 58. Measurment set-up for conversion gain, locking range, and 11P3
measurements.

Much of the test setup shown in Figure 58 is used for the generation of a
differential RF at 9.6 GHz, to be fed into the fabricated mixers. A network analyzer
provides the signal source, which is first fed into a directional coupler for monitoring. A
180° hybrid is used to split the RF signal into two components. It is not important that the
hybrid provide antiphase outputs—any power splitter at the appropriate frequency would
work. A variable phase shifting component is connected at one output to make any phase
corrections. A variable attenuator at the opposite output allows the power at that output to
be adjusted to match the phase shifted output. The RF signal is calibrated by connecting
the two outputs, via two matched 2.92mm coaxial cables, to two channels of a
DPO71254B 50Gsps Tektronix sampling oscilloscope. The signal source is configured to
output a 9.6 GHz tone with enough power to be well into the dynamic range of the
oscilloscope. The oscilloscope is itself ranged to have a maximum input level that is

similar to the expected power levels on the two outputs, thus minimizing quantization
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noise. The oscilloscope must also be configured to take a large number of samples and
perform an FFT that will provide the required measurement with sufficient averaging. At
this point, the slide on the line-stretcher is adjusted until the oscilloscope shows a 180°
phase difference between the two outputs. The variable attenuator is then adjusted until
both outputs exhibit equal power/amplitude. The phase and attenuation can be adjusted
iteratively until the outputs are simultaneously observed, from the calculated FFT phasor
at the frequency of interest, to be both anti-phase and equal in amplitude. The cables
feeding the two channels on the oscilloscope will eventually be connected to the GSSG

probe feeding the RF input on the DUT.

RF power was calibrated by monitoring the power levels at the directional coupler
and each differential output of the RF conditioning network described above. These
powers were measured with the power meter, oscilloscope, and spectrum analyzer. This
was done for a number of signal source powers from the network analyzer. With this
information a relative correlation between the power levels measured on each instrument
and the coupled output of the directional coupler could be established. Ideally the power
should be seen to scale linearly, perhaps with some offset, on each instrument. The lack
of dynamic range provided by the oscilloscope yielded the least consistent results in this
regard. For accuracy in conversion gain measurements, the spectrum analyzer was used.
The oscilloscope is accurate when comparing signals of relatively similar power. The

specific measurements that were made are detailed in the following sections. The
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compression point, P1dB, could not be measured due to a limited maximum output power

of the RF signal source at 9.6 GHz.

5.1.1.1 Power Dissipation

The power dissipation measurement is the most straightforward. The DC power
supply used during all measurements has built in supply current measurement
capabilities. Therefore, the current being drawn by the circuits was easily recorded for
every measurement taken. The supply voltage was 1.8V. Power dissipation can vary with

the signal power of the reference LO input.

5.1.1.2 Conversion Gain

To determine the conversion gain to either the I or Q mixer port, the 12.5GHz
oscilloscope was first used to verify that the signals at the positive and negative IF
differentials of the port under test were essentially equal in power (less than 0.1 dB
mismatch, as measured). This was true for all the cases observed. The spectrum analyzer
was then used to measure the IF signal power at one differential end while the other was
terminated with 50€). This power, for a particular 9.6 GHz signal source power, was then
compared to the power at the output of the directional coupler and the earlier power level
correlations were used to de-embed the conversion gain. Cable loss through the IF feed
lines connecting to the instruments is not an issue at the IF frequency. Nonetheless, all
coaxial feed lines were individually characterized with the network analyzer for power

loss and group delay at various frequencies, including IF.
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5.1.1.3 Locking Range

Locking range was determined by varying the LO signal frequency and observing
the IF output spectrum on the oscilloscope after downconversion. The fixed RF of 9.6
GHz is applied at constant power throughout this measurement. When locked, the I and Q
IF outputs should show a single peak at a low IF frequency. When the locking range is
exceeded, multiple peaks and sidebands begin to appear. These include both the
downconverted LO and free running oscillator frequency, and the continuous higher
order mixing products of the two. The frequency difference between upper and lower
reference LO frequencies, that each correspond to the onset of multiple peaks within the
IF output spectrum, is proportional to the locking range. In the fundamental-referenced
circuit, this difference is the actual locking range, whereas, in the sub-harmonic circuit, it
is one half of the locking range. The locking range is defined in terms of the recovered
LO that drives the mixers rather than the reference LO. The variation in the IF output

power over frequencies within the locking range is also recorded.

5.1.1.4 Intermodulation Distortion

For IIP3 measurements, the network analyzer was not used as a signal source.
Instead, two signal generators were used. Their outputs were connected into 3dB
attenuators and combined with a hybrid power combiner. The combined output was fed
into a selectable attenuator. Two equal power tones spaced by 10 MHz were produced by
the two signal generators and centered around the previously tuned 9.6 GHz RF
frequency for which antiphase outputs would be generated from the RF differential

conditioning network. Again, the directional coupler was monitored to determine total
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input power(combined power from both tones) with the power meter. The spectrum
analyzer was used to observe the IF output power at the fundamental and third order
mixing product frequencies for each selectable attenuation. The logarithmic powers of the
fundamental and third order components will each increase linearly with input power and
can be extrapolated to determine the I1IP3, which is the input power where the
extrapolated trends intersect. Figure 59 below illustrates the process for the extraction of
ITP3. In the example, two(overlapped) lines of slope 1:1 are shown and represent the
power of the I and Q fundamental tones. The other two lines are the I and Q third order
mixing products, with a slope of 3:1. Linear trend lines are superimposed over the data. If
these trend lines are continued into increasing input power levels they will intersect. That
intersection point determines the IIP3 and can be calculated from the line equations of the
fitted trend lines. This extrapolation assumes a weakly non-linear system. In some cases,
the fitted trend lines will have slope slightly less than anticipated. For these instances
trend lines with the correct slope are used and they intersect the measured data at the

lowest input power(greatest attenuator setting).
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Figure 59. Plotting trends for the extrapolation of IIP3.

5.1.2 TIand Q Relative Phase/Quadrature Accuracy

Measurement of the quadrature phase between the two I and Q IF outputs of the
system was not initially possible because a four-axis probe station was required and only
three axes were available. To accommodate the limitation, each of the four variants of the
quadrature conversion system was fabricated on the test die without the mixers. The
quadrature LO outputs of the injection-locked oscillators were probed directly,
eliminating the need for a fourth probe that supplies a differential RF signal. This
approach added additional overhead to the measurement and subsequent analysis, due to
the high signal frequencies that needed to be compared as a result of the modification. It
was necessary to characterize the group delays of the cables connecting to the

measurement instrumentation in order to compensate for the phase shift that they would
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add to the measured signals. Unfortunately, the resulting measurements were difficult to
analyze and possibly unreliable. The coaxial cables that were used exhibited some phase

sensitivity if bent or moved.

A four axis probe station was provided by Lincoln Laboratory in Lexington,
Massachusetts, for use in their facility. This allowed for the direct measurement of phase
performance at IF frequencies. A diagram of the measurement configuration is shown in
Figure 60 below. Two signal generators provided the LO and RF signals. The LO
frequency was varied within the measured locking range of the circuit and the RF
frequency was adjusted for a fixed IF at 100 MHz. The four IF output signals, I+, I-, Q+,
and Q-, were connected to a four channel high-speed (LeCroy SDA 13000) oscilloscope.
This oscilloscope was used for making phase comparisons of the four signals. The phases
were resolved by computing FFTs over long sampling intervals. The oscilloscope could
do this automatically and immediately provide phase data at the IF frequency for each
measurement channel. Matched cable lengths were used for the connection to each

channel and were not critical at 100 MHz as they were at 9.4 GHz.
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Figure 60. Measurement setup for quadrature LO phase performance. The four outputs
are connected via coaxial cables to a SDA 13000 series oscilloscope.

5.1.3 Noise

Measurement of noise figure was performed with an Agilent N8974 A noise figure
analyzer(NFA). The NFA controls an external excess noise source and provides a single
ended input with 3 GHz of bandwidth. The noise source that was used in conjunction

with the NFA provided calibrated noise levels up to 26 GHz.

The configuration used to make noise measurements of the fabricated systems is
shown in Figure 61 below. The noise source feeds a 180° hybrid that provides the
differential RF input source to the mixer under test. The line stretcher and variable
attenuator maintain their calibrations as described in section 5.1.1. Only one differential
IF port of the IQ mixer arrangement is connected. It is converted to a single ended signal

through a wide-band balun(Mini-Circuits, ADT2-1T-1P) transformer. A 20 dB IF
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amplifier increases the level of the output noise for better measurement with the NFA.

The IF amplifier is included in the initial calibration sequence for the NFA such that the

noise figure returned is the noise figure of the system from the input of the 180° hybrid to

the output of the balun. The NFA is configured for a downconversion measurement and

properly shifts its ENR(excess noise ratio) tables to account for noise being

downconverted from the higher RF frequency. The returned noise figure is a DSB

measurement.
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® IF IF Amplifier
R o)
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= 1.8V GND
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MW 28 V Noise Figure INBUT
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Figure 61. Test set-up for DSB noise figure measurement.

In order to extract a useful value from the measurement procedure described, the

DUT noise figure must be de-embedded from the noise contributions of the various

passive devices in the test set-up. The de-embedding is performed by solving the Friis
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formula for the noise figure of cascaded stages, once all of the individual noise
contributions are known. In this set-up, there are three contributors that must be known
and that make up the complete cascaded system. These are the 9.6 GHz RF differential
conditioning network, the IF balun transformer, and the differential microwave probes.
The losses of the microwave probes at the frequencies of interest are supplied by
manufacturer data sheets that are shipped with each probe. The noise figure of the RF
conditioning network was determined with the measurement approach shown in Figure
62, below. For this measurement, an external mixer is connected before the IF amplifier
in order to downconvert the noise at RF to a band within the NFA’s measurement range.
The NFA is designed for high-frequency measurements of this type and includes both the
mixer and IF amplifier in its calibration routine. The noise figure that is measured
includes only one end of the differential output of the conditioning network and the other
end is terminated. The choice of which end is terminated does not matter. It can be shown
that for a 180° hybrid with equal attenuation following each of the anti-phase ports the
differential noise figure versus the noise figure with one port terminated is:

2R(R + 2Z,)?
Flaifferentiaty = FACEYAD

(Eq.5.1)
F _4R(R + 27,)?
(single) — ZO(R + ZO)Z
In the above, the resistance R accounts for the attenuation connected at each port by
adding the resistance in series with the outputs of an ideal 180° hybrid. (Eq. 5.1) shows

that the measured noise figure will be 3dB more than the noise figure of the network as it

is used in the system of Figure 61. The measured noise figure is 5.24 dB and, therefore,
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the actual noise figure of the RF conditioning network, as used in Figure 61, is 2.232 dB.
The differential to single-ended balun is measured in a similar fashion to the RF
differential conditioning network. The mixer and IF amplifier of Figure 62 are not used
because the measurement falls within the NFA bandwidth. The IF balun exhibits a noise

figure of about 0.6 dB as used in the system of Figure 61.

Mixer IF Amplifier
[0}
A O ° Iﬁ_l
180° Line
80. Stretcher
Hybrid
Y 180°
% Variable
Attenuator
= LO Source

Noise Source
L] /Vq/v\\f 28 V Noise Figure ——
ON/OFF Analyzer

Figure 62. Test set-up for measuring the noise figure of the passive RF conditioning
network.

It is important to note that, when using the measurement approach of Figure 61,
the de-embedded noise figure is the DSB noise figure for a single mixer in the 1Q
arrangement, with the IF port of the other mixer left open. Leaving the IF port of one of
the mixers open affects the noise figure of the remaining mixer by less than 0.1 dB in

simulation.
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5.2 Fundamental System Performance Measurements

Table 7 and Table 8 outline the measured performance parameters for the
quadrature conversion systems with fundamental LO references. Table 7 summarizes
circuits with uncoupled LC oscillators and Table 8 summarizes circuits with coupled LC
oscillators. The measured parameters are listed in columns that indicate the die on which
the particular circuit was tested. The die are labeled B2, B4, BS, W1, W2, W3 and W4.

Each die contains one of each circuit variation of the quadrature conversion system.

Measurements for die B2, B4, and B5 were made following the procedures detailed
in section 5.1.1. W1 and W2 were measured according to the procedure of section 5.1.3.
W3 and W4 followed the procedure of section 5.1.2. Each of these procedures was
designed to yield results for different performance parameters. The die B2, B4, and B5
were used for the measurement of conversion gain and non-linearities. W1 and W2 were
used for the measurement of noise. W3 and W4 were used to measure quadrature phase
and amplitude accuracy. Some performance data, such as conversion gain or locking
range, could be measured in multiple test configurations. Table 6 summarizes how each

die was measured.

All signals, RF and DC, on the die B2, B4, and B5 were contact probed. W1, W2,
W3, W4 and W35 differ in that all DC signals were wire-bonded from the die to a PCB.

These wirebonds were necessary to allow probe positioning in the arrangement required
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for certain measurements. For those measurements, having an additional single-point

probe for the DC supply would be an obstruction to necessary microwave probes.

A fact that can be noted from the tables below is that certain types of

measurements, for a particular circuit, were taken from different die than had been used

for other measurements. This is, in part, because certain measurements did not require

wirebonds on the die and it was possible to make those measurements while other die

were in the process of being wirebonded. In addition, pads were occasionally gouged

during probing; this also required switching samples. Lastly, a second series of

measurements were made at MIT Lincoln Laboratories in Lexington, MA and, at that

time, only certain die were available for measurement.

Die Designator

B2

B4

BS

W1

W2

W3

W4

WS

Measurement Procedure

5.1.1

5.1.1

5.1.1

5.1.3

5.1.3

5.1.2

5.1.2

5.1.2

Table 6. Table of the measurement procedures primarily followed for each of eight die
that were measured. The procedures are indicated beneath the designation of each die
with the numbering of the related thesis section.
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Die Designator BS B4 W1 W2 W3 W4

Free Running Oscillator 9.821 9.822 9.807 9.802 9.829 9.846
Frequency (GHz)
DC current (mA, No LO) 13.458 13.370 13.653 13.177 13.93 13.19

Conversion Gain to I port (dB) -10.66 -10.65 -10.129 | -10.089

Conversion Gain to Q port (dB) | -9.23 9.29 -9.508 | -10.045

Conversion Gain Total (dB) -6.87 -6.91 -6.80 -7.06

I1P3 (dBm) 10.78 10.29 - -

Noise Figure to I port (dB) - - 10.46 10.03

Noise Figure to Q port (dB) - - 9.47 10.05 - -
Quadrature Phase (deg) - - - - 103 109
Amplitude Mismatch (%) 16.43 15.63 7.15 0.51 1.50 3.57

Table 7. General performance data for the uncoupled, fundamental LO circuit. The ITP3
tones were separated by 10 MHz during measurement. B5 and B4 conversion gains are
de-embedded from measurement with a spectrum analyzer. W1 and W2 conversion gains
and noise are de-embedded from measurements with a noise figure meter.

Die Designator B2 B4 W1 W2 W3 W4
Free Running Oscillator 9.624 9.694 9.698 9.665 9.731 9.754
Frequency (GHz)

DC current (mA, No LO) 14912 14.634 14.083 14.310 14.12 13.98

Conversion Gain to I port (dB) -10.66 | -10.26 | -10.14 -9.05

Conversion Gain to Q port (dB) | -10.72 | -10.75 | -10.30 9.5

Conversion Gain Total (dB) -7.68 -7.48 -7.21 -6.28

I1P3 (dBm) - 10.50 - -

Noise Figure to I port (dB) - - 10.50 9.39

Noise Figure to Q port (dB) - - 10.07 9.58 - -
Quadrature Phase (deg) - - - - 92.38 | 93.02
Amplitude Mismatch (%) 0.70 5.64 1.84 5.18 9.43 4.95

Table 8. General performance data for the quadrature coupled, fundamental LO circuit.
The I1P3 tones were separated by 10 MHz during measurement. B2 and B4 conversion
gains are de-embedded from measurement with a spectrum analyzer. W1 and W2
conversion gains and noise are de-embedded from measurements with a noise figure
meter.

Figure 65 through Figure 70 provide specific performance measurements versus

the available power from the reference LO source. Each figure plots data for multiple

measured die. The color of each trend indicates data from a particular die.
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The measured injection locking ranges for the fundamentally referenced
quadrature conversion circuits are shown in Figure 65 and Figure 66, below. These
circuits filter, amplify, and buffer the reference LO signal and use the resulting outputs to
injection lock the differential LC oscillators. There is no amplifier saturation, at
reasonable input levels, before injection locking, so an increase in the LO signal power
should always correspondingly increase the power of the injection locking signal. This
results in a continuous increase in the locking range, but with diminishing gain as the
reference LO power increases. The measured trends are as expected for both the
quadrature-coupled and uncoupled circuits; however, the ranges are 150 MHz to 200
MHz less than predicted in section 4.2 for the uncoupled circuits. The coupled circuits
exhibit locking ranges in closer agreement with simulation. The discrepancy could be a
result of better tuning of the resonant frequency of the coupled oscillators versus the
uncoupled oscillators. The tuning should match, in terms of center frequency, the tuning
of the preceding conditioning stages for the injection locking signals. In measurement,
the uncoupled circuits oscillate approximately 400 MHz above the intended design
frequency of 9.4GHz, whereas the quadrature-coupled circuits oscillate 300 MHz above

that frequency. In simulation, both circuits oscillate at 9.4 GHz.

The strength of the LO reference signal, although it improves the locking range,
should ideally have no effect on the conversion gain of the IQ mixer. Figure 69 and
Figure 70 plot the measured variation in conversion gain with an increase in the reference

signal power. This change is the result of a slight addition of current from the injection
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locking pair, within each oscillator, to the differential outputs of the oscillator as the input
power increases. The measured values are in good agreement with simulation, except for
an increase in the conversion gain of the uncoupled circuit at low reference powers. In
Table 7, these same circuits show an unusually high amplitude mismatch that is not seen
with the other samples measured. A possible explanation is that there was a measurement
issue that arose from the placement of the probes for this circuit. B4 and B5 were not
wirebonded and the proximity of the DC probe to the circuit or to the other probes may
have been an issue for the uncoupled circuit in particular. Conversion gain can also vary
depending on how close the oscillator is locked to its resonant frequency, which is plotted

based on simulation in section 4.2.

For the fundamentally referenced circuits, power dissipation is relatively constant
regardless of the LO input conditions. This is illustrated in the Figure 67 and Figure 68

and agrees with the simulated current requirements.

Figure 71 and Figure 72 plot data related to image rejection ratio for the
uncoupled and quadrature coupled circuits, respectively. Parts (a) and (d) of these figures
plot expected values of the IRR assuming that the I and Q IF signals are summed after a
perfect quadrature hybrid. The IRR plots are calculated trends that take into account the

measured phase and amplitude mismatches, which are also plotted in the two figures.
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For the uncoupled circuits, referring to Figure 71f, the measured variation in
phase with frequency is similar to what was found in simulation. The average phase,
however, deviates from the simulated, Figure 35, nominal phase and is different between
the two samples measured. Also, as indicated by Figure 71b and Figure 35, there is a

stronger dependence of the phase on the power of the reference LO than in simulation.

A nominal error in phase at the quadrature outputs of the poly-phase filter can be
caused by the parasitic capacitances of its resistors[12]. These parasitic capacitances,
however, are well modeled in simulation. The measurements show inconsistency between
the two samples, suggesting that the errors are the result of process variation. Component
mismatch in the polyphase filter affects amplitude more than phase, to which the network
has a broadband response, so the phase error in the measurements of Figure 71 can be
most likely attributed to errors in the tanks of the LC oscillators and the narrowband
differential amplifiers. The voltage across an LC tank, excited by a current i, at a
frequency, w, can be shown to be:

joweL(1+ Q?)

2
jwQ — wo(1+ Q2) (Z_g ~1

Vtank(w) = ltank

) (Eq. 5.2)

The above represents a parallel LC tank with a resistance in series with the inductor that
is related to the Q as in section 3.2.2. wy is the resonant frequency of the tank. The tank
capacitance is rewritten in terms of @¢ and inductance, L. The argument of (Eq. 5.2)

represents the phase shift and is shown below:
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¢ = Tan™? <w> — Tan-1 <_ (14 Q%) (w — wo)(w + wy)

Re[vtank(w)] wao

) (Eq. 5.3)

Figure 63 shows the phase shift, according to (Eq. 5.3), for various off-resonant
frequencies of the LC tank, over £10% of the resonant frequency. Two trends are plotted,
one for the differential amplifier stages, Q=13.5, and another for the oscillators, Q=15.7.
Considering only the two differential amplifiers, if the tanks were to differ in their
resonant frequencies by just 0.5%, the resulting phase error, based on (Eq. 5.3), would
fall between 7° and 8°. Thus, it is reasonable to suspect that tank mismatches are
contributing to the process-related phase error observed in the final quadrature. These
results make a case for quadrature coupling, given that such coupling can be expected to

enforce sufficient quadrature accuracy in the final oscillator stages.

Phase vs. Frequency, w,=9.4GHz
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Figure 63. Voltage and current phase difference for an LC tank over a oy +10% range in

frequency, where wy=9.4 GHz. The tanks plotted have a Q of 13.5(dashed) and
15.7(solid).
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The amplitude mismatch observed in Figure 71 can also be explained by the
effect of process variation on the tank resonant frequencies. A difference in the resonant
frequencies of the two tanks will result in a difference of the tank voltage magnitudes at a
particular frequency. (Eq. 5.2) can be manipulated to show how the relative magnitude

varies away from the resonant frequency:

|Veank ()] _ Qwwy
[Vtank (o) \/QZwag + (14 02)2(w? — wg)z

(Eq. 5.4)

According to (Eq. 5.4), if the frequency of the tank input current is 1% off resonance, the
tank voltage will change by 5%. This does not directly relate to Figure 71, which plots
the amplitude mismatch of the two quadrature IF signals at the outputs of the mixer. The
actual relationship is complicated by the downconversion process. The mixer tends to
lessen amplitude mismatch due to the LO because of the nonlinear relationship of the
gate voltage and drain current of the current-commutating transistors in the mixer[18].
Nonetheless, process variation of the LC tanks presents a reasonable explanation for the
amplitude mismatches observed. Such mismatches would not be corrected with
quadrature coupling and this represents a drawback, in general, to the use of the injection-
locked oscillators as final-stage matched amplitude limiters. The tanks must be designed
for the best possible match and, if the match is not sufficient, the Q must be lowered for a
more gradual slope to the trend plotted in Figure 63. Lowering the Q will, however,
reduce the amplitude of the LO, requiring the mixers to be re-optimized and detracting

from the achievable conversion gain.
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The plots provided in Figure 72 show the measured performance of the
fundamental-referenced circuits with quadrature-coupled oscillators. The quadrature-
coupled oscillators show a clear advantage in phase performance. In Figure 72f, the phase
deviates very little between the two samples because the quadrature relationship is
enforced by the coupling rather than preceding stages and the matching of those stages.
The phase also does not change significantly with input power, as shown in Figure 72b.
Indeed, quadrature coupling does appear to compensate for phase error from the

polyphase filter and preceding amplifiers that supply the injection-locking signals.

The difference in phase between the two quadrature-coupled samples that is due
to process variation is little, approximately 1°. The nominal mismatch of the two samples
varies with the frequency of the injection-locking signal and can reach up to 6° at the
upper extreme of the locking range. At the resonant frequency of the quadrature
oscillator, the nominal mismatch is about 3°. This is likely the result of a systematic
mismatch in phase shift between the differential coupling lines that connect the two
oscillators. Such mismatch is possible in the circuit layout of this thesis because the
coupling lines follow different paths and can not be laid out perfectly symmetrically.
Similar mismatch is also observed in fully-extracted layout simulations, such as Figure
41 and Figure 53. (Eq. 5.5) is a solution for the phase difference of the two outputs of a
quadrature oscillator. This solution is adapted from [18] to account for only the

mismatches between the natural resonant frequencies of the two tanks and the phase
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shifts of the two coupling lines. i,s and i, are the AC current magnitudes driven by the
cross-coupled and coupling transistor pairs in the coupled oscillators. wy is the average
resonant frequency of the LC tanks and 4wy is the frequency mismatch between the two.
@ is the average phase shift through the two coupling lines and 4@ is the mismatch in
their phase shifts. Q is the tank Q-factor and v is the phase difference of the quadrature
oscillator outputs.

AD
2

ZiCSin(dJ))
i

£2
AwyiQ (1 + i—g +

Vs
V=——5- (Eq. 5.5)

wol, (lTC + Sin(cb)>

It is important to note that (Eq. 5.5) does not include the effects of injection
locking, which would account for the variation with frequency and amplitude of
quantities plotted in Figure 72. The analysis is useful when comparing results near the
resonant frequency of the quadrature oscillator. If the nominal mismatch of the LC tank
frequencies, 4wy, is zero then (Eq. 5.5) indicates that the phase error of the quadrature
outputs is equal to half of the mismatch in the phase shifts, 4®,of the oscillator coupling
lines. According to simulation, the quadrature phase error is 5°, suggesting that A® is 10°
(2x%5°). This agrees with the phase error measured near the resonant frequency of the
quadrature oscillator. Note that the resonant frequency of the quadrature oscillator is
greater than wy of either LC tank, which is one of the possible stable modes of such an

oscillator.
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Amplitude mismatch of the quadrature outputs is still observed with the
quadrature-coupled circuits and is worse than what is observed with the uncoupled
circuits. Quadrature-coupling does not provide any correction for amplitude mismatch
between the two oscillators and, in fact, exacerbates the problem. (Eq. 5.6) provides a
solution for the two output amplitudes, derived from the analysis in [18]. The amplitudes
are based in part on the phase, y, provided by (Eq. 5.5). A® will cancel out of (Eq. 5.6)
when y is substituted. The quantity, R, is related to the Q and models the loss of the
oscillator tank.

A = ﬂ<l — iCCos<cD+@—1,b>>
T 2

(Eq. 5.6)
AR

A, = —<i +i.Cos (—CD + @ — 1/)))
T 2
Given that A® cancels out of (Eq. 5.6), mismatch between the coupling line phase
shifts has no effect on the amplitude mismatch. The average coupling line phase shift, @,
does affect the output amplitudes but, if Awg is zero when y is substituted, both
amplitudes will be equally affected and will not differ. Therefore, the coupling lines do
not contribute to nominal amplitude error unless there is a source of nominal mismatch,

Awg, between the tank resonances.

There are no remaining quantities treated in (Eq. 5.6) that can account for nominal
amplitude mismatch. Such mismatch is predicted by simulation, however, and is

observed at about the same level in the measurements. Therefore, the mismatch must be
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caused by phenomena untreated in (Eq. 5.6); possibly by interactions between the
quadrature oscillator and the external circuits it is connected to. Some internal
possibilities include systematic mismatch of the tail currents of the various differential
pairs, or of the Qs of the two resonant tanks. The tail current mismatches are excluded in
the simplifications above but treated in [18], as are the effects of dissimilar tank quality
factors. These are not probable sources of the mismatch, however; simulation, which
shows the nominal phase mismatch, does not show either of these phenomena. This
suggests an external cause and the most likely explanation seems to be the polyphase
filter. It has been observed that the polyphase filter can affect the startup mode of the
quadrature oscillator, even when it is not driven (ie. no LO reference is provided to the
system). A more thorough analysis of the quadrature oscillator with the polyphase filter

included is needed to confirm this possibility.

Although a considerable portion of the amplitude mismatch is nominal, process
variation can also account for significant mismatch, as observed in the two measurements
of Figure 72. Figure 64 shows how the amplitude mismatch varies, according to (Eq. 5.5)
and (Eq. 5.6), with the mismatch in the tank resonant frequencies. This trend is steeper
than what can be predicted with (Eq. 5.4) for the uncoupled oscillators. Also shown is the
rate at which quadrature phase error develops, assuming 4@ = @ =(0. The values for i and

i are taken from simulation and are 2.4 mA and 1.4mA, respectively.
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Figure 64. Quadrature amplitude mismatch(solid) and phase error(dashed) versus the
difference in resonant frequency of the two tanks comprising the quadrature oscillator.

The resonant frequencies of the two tanks are centered around 9.4 GHz.
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Figure 65. Measured injection locking range
versus the fundamental reference LO power for
four fabricated circuits with independent LC
oscillators.
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Figure 67. Total DC current drawn by a circuit
versus the fundamental reference LO power for
four fabricated circuits with independent LC
oscillators.
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Figure 69. Measured conversion gain versus the
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Figure 66. Measured injection locking range
versus the fundamental reference LO power for

four fabricated circuits with quadrature-coupled
LC oscillators.
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Figure 68. Total DC current drawn by a circuit
versus the fundamental reference LO power for
four fabricated circuits with quadrature-coupled
LC oscillators.
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Figure 70. Measured conversion gain versus the
fundamental reference LO power for two

fabricated circuits with quadrature-coupled LC
oscillators.
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Above: Collection of figures plotting measured performance parameters of fundamental
LO referenced circuits on various die. Data from B2,B4, BS, W3, and W4 are plotted in
black, red, blue, grey and orange, respectively.
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Figure 71. Measured parameters related to the image rejection ratio(IRR) for circuits
with independent LC oscillators and a fundamental LO reference. Data is plotted versus
the power or frequency of the reference. Die W3 and W4 are plotted in grey and orange,
respectively.
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Figure 72. Measured parameters related to the image rejection ratio(IRR) for circuits
with quadrature-coupled LC oscillators and a fundamental LO reference. Data is plotted
versus the power or frequency of the reference. Die W3 and W4 are plotted in grey and
orange, respectively.
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5.3 Sub-Harmonic System Performance Measurements

Table 9 and Table 10 outline the measured performance parameters for the
quadrature conversion systems with sub-harmonic LO references. Table 9 summarizes
systems with uncoupled LC oscillators and Table 10 summarizes the systems with
quadrature-coupled LC oscillators. The measured parameters are listed in columns that
indicate the die on which a circuit was tested. Each die contains each of the four variants
of the quadrature conversion system covered in this section and section 5.2. The die
considered in this section are labeled B4, B5, W1, W2, W3, W4, and W5. The
measurement procedures followed with each of these die are summarized by Table 6. As
before, the die B4 and B5 were contact probed. W1 through W5 were wire-bonded for
easy connection of DC signals and to permit probe positioning for specific

measurements.
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Die Designator B4 BS W1 W2 WS
Free Running Oscillator 9.648 9.639 9.624 9.641 9.654
Frequency (GHz)

DC current (mA, No LO) 16.14 15.29 15.93 15.60 15.06
Conversion Gain to I port (dB) -11.74 -11.79 -11.14 -11.23
Conversion Gain to Q port (dB) | -11.61 -11.59 -11.02 -11.18
Conversion Gain Total (dB) -8.66 -8.68 -8.07 -8.19

I1P3 (dBm) 7.84 7.98 - -

Noise Figure to I port (dB) 12.32 12.09

Noise Figure to Q port (dB) 12.43 11.66 -
Quadrature Phase (deg) - - - - 86.65
Amplitude Mismatch (%) 1.50 2.30 1.38 0.58 6.91

Table 9. General performance data for the uncoupled, sub-harmonic LO circuit. The 11P3
tones were separated by 10 MHz during measurement. B4 and BS conversion gains are

de-embedded from measurement with a spectrum analyzer. W1 and W2 conversion gains
and noise are de-embedded from measurements with a noise figure meter.

Die Designator B4 W1 W2 W3 W4
Free Running Oscillator No Start | No Start | No Start 10.031 No Start
Frequency (GHz)

DC current (mA, No LO) 15.525 15.135 15.284 15.02 14.25
Conversion Gain to I port (dB) -13.72 -14.40 -14.09

Conversion Gain to Q port (dB) | -13.46 -14.67 -14.12

Conversion Gain Total (dB) -10.58 -11.52 -11.09

IT1P3 (dBm) 6.18 - -

Noise Figure to I port (dB) 15.47 14.98

Noise Figure to Q port (dB) 15.67 15.12 - -
Quadrature Phase (deg) - - - 97.42 98.87
Amplitude Mismatch (%) 2.99 3.11 3.45 2.99 4.58

Table 10. General performance data for the quadrature coupled, sub-harmonic LO
Circuit. The oscillator did not independently start in this version of the circuit. The I1IP3
tones were separated by 10 MHz during measurement. The B4 conversion gains are de-
embedded from measurement with a spectrum analyzer. W1 and W2 conversion gains
and noise are de-embedded from measurements with a noise figure meter.
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Figure 73 through Figure 78 provide specific performance measurements versus
the available power from the sub-harmonic reference LO source. Each figure plots data

for each die from which complete data related to the measurement was collected.

Measured injection locking ranges for sub-harmonic circuits having uncoupled
LC oscillators are provided by Figure 73. In the case of circuits referenced to a sub-
harmonic LO, increasing the power of the reference LO signal will eventually saturate the
input stage. When that happens, the injection locking signals that are generated for the
LC oscillators will cease to increase and the injection locking range will remain relatively
constant. The saturating power is seen to occur with reference LO power levels greater
than about 2 mW. This behavior, and the measured ranges themselves, agree closely with
simulation. Increasing the input signal beyond the saturating power also has very little
effect on the conversion gain, as seen in Figure 77 and Figure 78 for both quadrature-
coupled and uncoupled circuits. Above the saturating power, the sub-harmonic circuits do
a better job of keeping the conversion gain constant when compared to the fundamentally
referenced circuits. This is due to the input balun, which was also designed to act as a
first-stage amplitude limiter when saturated. The fundamental reference circuits have no

balun.

The quadrature coupled oscillators in the sub-harmonically referenced circuits did
not start on their own when powered up. When an LO reference was present and varied in

frequency there was no distinguishable injection-locking range and the circuit, instead,
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behaved as a narrow-band amplifier. One circuit, on die W3, did start up at a free-running
frequency and exhibited a distinct locking range. This is the locking range reported in
Figure 74. The range is twice that predicted in simulation, most likely due to an
oscillation that is much weaker than predicted. This is supported by the measured

conversion gain, which is about 3dB less than predicted by simulation.

The difficult start up observed with the quadrature-coupled circuits can be
explained by optimizations that were made to the oscillator topology to support a sub-
harmonic LO reference and quadrature coupling. The injection-locking signals presented
to the oscillators in the sub-harmonic referenced circuits are single-ended and weaker
than that of the fundamental referenced circuits. The strength of the oscillations had to be
lessened by reducing the size(channel width) of the cross-coupled transistors so that the
circuit could still be injection-locked over a reasonable bandwidth. The injection-locking
transistors were also increased in size to amplify their effect. Finally, the quadrature-
coupling pair of transistors that are required for coupled oscillators were added. These
place an additional load on the oscillator, further reducing the strength of the oscillations.
The contribution of all transistors to capacitive parasitics at the tank must be low enough
that the tank can still resonate at 9.4 GHz, which limits the aggregate size of all
transistors involved in the topology. These issues combine to make the sub-harmonic and
quadrature-coupled circuit a worst-case scenario for startup. Simulations performed prior
to fabrication showed that the oscillators would start up and exhibit a defined locking

range, albeit barely reaching the amplitude required to drive the mixer. In reality, it
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appears that not enough margin was provided for the fabrication, especially considering
the shifts in resonant frequency that were observed (about 250 MHz for the sub-harmonic

referenced circuits).

The oscillators in the quadrature-coupled circuits that did not start could often be
started by applying a reference LO near the resonant frequency of those oscillators. Upon
removal of that signal, the oscillators would continue to oscillate at the resonant
frequency. This suggests that the oscillator has two stable modes, with one mode being
critically damped. The two modes could be related to the two stable modes of the basic
quadrature-coupled oscillator. Interestingly, the phase measurement of Figure 80f, for
which the corresponding circuit did start up, shows a near phase reversal within the
locking range. A phase reversal would be seen between the two modes of a quadrature
oscillator, although, for this implementation, one mode would be competing with the

phase injected by the polyphase filter.

For both the uncoupled and quadrature-coupled sub-harmonic referenced circuits,
the power dissipation increases with increasing power from the LO reference source. This
is illustrated in Figure 75 and Figure 76. The reason for this is that the signal produced by
the frequency doubler has a proportional DC component in its doubled output signal. The

change in current for these circuits is as expected when compared to simulation.
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Figure 79 and Figure 80 plot IRR related measurements for the uncoupled and
quadrature-coupled circuits, respectively. For the quadrature-coupled circuits, data from
only one die, the die containing the self-starting oscillator, is plotted. For the uncoupled
circuits, only one die is plotted because of a probe-to-wirebond short that invalidated the
second set of measurements that were taken. As in section 5.2, the quadrature-coupled
circuit exhibits better phase performance over frequency. Amplitude mismatch is worst
for the uncoupled oscillator for the particular case plotted in Figure 79c, but is generally
better than the quadrature coupled case, as indicated by Table 9. These results are in
agreement with the observed performance differences between the quadrature coupled

and uncoupled oscillators in section 5.2.

The primary drawback to the sub-harmonic topologies is a weaker injection-
locking signal. This is due to the use of a single-ended polyphase network and the active
circuits used for frequency doubling that can produce a limited maximum signal swing.
These limitations require adjustments to the oscillator stages that reduce the final
achievable conversion gain. In the case of the quadrature-coupled oscillator, this resulted
in a circuit that does not function reliably. The benefit of the sub-harmonic topology is
that is can be referenced by a signal distributed at a lower frequency. In the intended
application, this would reduce power loss in the distribution network. This gain, however,
may be offset by the fact that the fundamental referenced circuits require ten times less

input power.
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Figure 73. Measured injection locking range
versus the sub-harmonic reference LO power for
three fabricated circuits with independent LC
oscillators.
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Figure 79. Measured parameters related to the image rejection ratio(IRR) for the circuit
from die W5 with independent LC oscillators and a sub-harmonic LO reference. Data is

plotted versus the power or frequency of the reference.
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Figure 80. Measured parameters related to the image rejection ratio(IRR) for the circuit
from die W4 with quadrature-coupled LC oscillators and a sub-harmonic LO reference.
Data is plotted versus the power or frequency of the reference.
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CHAPTER 6

CONCLUSIONS

This thesis examined the architecture and implementation of an integrated quadrature
conversion system locked to an external LO reference. Slight variations of a basic
architecture allowed for the realization of four different discrete implementations of that
system. Two implementations were designed to be referenced to the first sub-harmonic of
a desired LO frequency and the second two were referenced at the same frequency as the
LO. In general the latter, fundamental referenced, implementations performed more
favorably. This was predominantly due the stronger signals available for oscillator

injection-locking that were produced by these variants.

The sub-harmonic referenced circuits suffered from a weak injection-locking
signal that required compromises in the design of the injection-locked oscillators. In the
quadrature-coupled version, this resulted in a circuit that was essentially unusable. For
these circuits, a single-ended signal was produced by a frequency doubling stage and
subsequently suffered loss through a polyphase network before being used to injection-
lock the oscillators. In contrast, the LO reference of the fundamental architecture first
passed through a polyphase network and was then amplified through a fully-differential
signal conditioning chain to produce the injection-locking signal. Thus, in the

fundamental circuits, the polyphase network did not introduce loss after a swing-limited
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amplifier stage and the maximum signal swings were essentially doubled because the

signal was fully differential.
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Figure 81. Proposed sub-harmonic architecture for improved injection-locking

performance.

Figure 81 presents a modified sub-harmonic architecture intended to increase the
maximum amplitude of the injection-locking signal so that better performance can be
achieved from the oscillators. In this topology, the sub-harmonic LO reference enters a
polyphase network that produces differential quadrature I and Q outputs. This could be
similar to, or a single stage version of, the network shown in Figure 22. Each differential
output, I or Q, drives the differential input of a frequency doubler. The single ended
outputs of each of the doublers would then be twice the frequency of the LO reference
and they would be 180° out of phase with each other. The outputs are treated together as
a single differential signal and drive a second polyphase network. The quadrature
differential outputs of that network then injection-lock each of the oscillators. Buffer

amplifiers can be inserted between the frequency doublers and second polyphase filter, if
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needed. Injection-locking is improved in this architecture because it is fully differential,
increasing the maximum effective signal swing that can be presented to the oscillators.
The sub-harmonic circuits, shown in Figure 7, have sufficient unused area in the layout

for the second frequency doubler and its inductor.

Amplitude mismatch and phase error were potentially degraded in the
fundamental referenced circuits due to the contribution of two sets of tank mismatches to
the quadrature outputs; one set in the differential amplifiers and one set in the oscillator
tanks. This is most evident in the circuit with uncoupled oscillators because the
oscillators do not provide any correction of phase error introduced by the preceding
differential amplifier stages. With increased input power, these amplifiers would not be a
necessary part of the implementation; however, the power requirement would put a
greater load on the external LO distribution network. If the input polyphase network was
also reduced to a single stage, the need for additional power could be avoided and there
would likely be no resultant drawback to phase performance[12]. A second iteration of
fundamental referenced designs would benefit from the removal of the differential
amplifiers and one stage of the polyphase network. These changes would also reduce the

die real estate requirement.

Amplitude mismatch between quadrature LO signals that results from mismatches
between the LC tanks of the final oscillator stages is a drawback suffered by any of the

examined implementations. The measured amplitude mismatches are typically as much
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as 5% and can be limiting to the overall image rejection ratio. This could suggest that
additional dedicated amplitude limiting stages would be beneficial, but such stages would
most likely have a negative impact on the quadrature phase error. Tailoring the design

and layout for the best possible matching of the LC tanks may be the best option.

The benefit of quadrature-coupling to phase error is evident when process mismatch
is considered; however, the coupling can itself introduce errors. These include a nominal
phase error and increased amplitude mismatch sensitivity. The nominal phase error is at
least in part due to non-symmetry in the layout of the quadrature coupling lines. Analysis
of the quadrature oscillator shows that long phase delays in the coupling lines are
acceptable, and even desired[17][18], as long as the coupling lines between the two
oscillators both introduce the same phase delay. The effect of coupling line phase delay
mismatch is illustrated by (Eq. 5.5), where the mismatch, 4@, adds directly to the output
quadrature phase, . Considering the implementation of this thesis, a modification to the
layout of the coupling lines could be made that increases the length and phase shift of
each line in the interest of keeping the two phase shifts well matched to each other,
thereby reducing nominal phase error. This is illustrated by Figure 82. In this figure, the
“I”” oscillator(blue) has two outputs driven by antiphase current branches, I+ and I-, and
two corresponding inputs, Cr,. and Cy, that couple current into those branches when
driven by the other oscillator. The second “Q” oscillator(red) similarly has outputs, Q+
and Q-, and inputs, Cq, and Cq.. In Figure 82a, paths representative of the quadrature

coupling lines used in the layout of this thesis are shown. Each end of a differential pair,
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I+/1- or Q+/Q-, drives an equal length and symmetric connection to inputs that belong to
the other oscillator, accurately maintaining the antiphase nature of the differential signal
at either set of inputs. With the antiphase ends treated together as a pair, however, the
resultant differential coupling line driven by the “I”” oscillator is not length-matched or
symmetric to that driven by the “Q” oscillator. This translates to phase delay mismatch of
the coupling lines and nominal quadrature phase error. It is also worth noting that the
crossover within the differential line driven by the “Q” oscillator introduces an

asymmetry that can affect the ideal antiphase relationship of that signal.

Cn C. Cis Cr

CQ+ CQ- CQ+ CQ-

Q+ Q- Q+ Q-

Figure 82. Possible paths for the layout of the quadrature coupling lines of a quadrature
oscillator. In a) the layout of coupling lines for this thesis is shown. In b) a layout is
presented to improve the overall matching of one set of coupling connections(blue) to the
next(red).
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In Figure 82b, the length of the connection driven by I+ matches that driven by Q- and
the same is true for I- with respect to Q+. The connections are also, for the most part,
rotationally symmetric(the implemented quadrature oscillator without coupling is
symmetric horizontally, vertically, and rotationally). Considering the pairs as a whole,
this means that the coupling line driven by the “I”” oscillator matches, in length and
symmetry, that from the “Q” oscillator. Two crossovers are also introduced, which are
crossovers of connections from different differential signal pairs and can be used to
maintain the symmetry. This arrangement, Figure 82b, should therefore be closer to
matching the coupling line phase shifts by design. A drawback to Figure 82b is that the
differential ends I-/I+ and Q-/Q+ no longer drive connections that are matched by design.
This could be somewhat compensated by symmetrically adding length to the shorter of
two connections from each oscillator. Any mismatch will manifest itself as imperfect
antiphase at the differential inputs or equivalently a small common-mode signal at those
inputs at the LO frequency. Nevertheless, a modification such as the one suggested by
Figure 82b could help to resolve nominal quadrature phase mismatch issues in a revised
design. Note that, although length matching is stressed in the foregoing explanation, the

primary goal is to match the distributed parasitics of the coupling lines.

A better analytical understanding of the effects of injection-locking on the quadrature
oscillators could help to reduce both phase error and amplitude mismatch. Including the
polyphase filter in such an analysis would also be beneficial, as its interaction with the
quadrature oscillators is likely to be responsible for part of the observed quadrature error,
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nominal and process related. Additionally, it is important to note that the high operating
frequency of circuits from this thesis, relative to the 180nm CMOS process, requires the
effects of all parasitic delays, phase shifts, and mismatches to be considered where they
are often ignored in many applications. [17] and [18] present methods of deliberately
introducing a 90-deg phase shift to the quadrature coupling lines that are shown to reduce
the effects of nominal and process related mismatch. Such modifications would require
significant changes to the layout of this thesis, but could provide benefits to amplitude

and phase performance if applied.
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APPENDIX

FABRICATION PROCESS

The quadrature upconverter/downconverter and LO conditioning circuit was
designed for the IBM 7RF process. This is a 180 nm RF CMOS process. The process
details are protected by a non-disclosure agreement, however, general information,
parametric test results and the corresponding extracted spice models, are freely available
from MOSIS. The 7RF process provides a number of options, a subset of which is
offered through MOSIS. For this project six metal layers were available. The first metal
layer is copper, followed by 4 intermediate aluminum metal layers with identical
thickness. The top layer is a thick aluminum layer suitable for wide low-resistance

routing and for implementing the on-chip planar inductors.

The NFET and PFET devices for this process are specified for operation with a
1.8V supply. 3V and 5V options are also available from IBM with additional mask steps
but these were not used or included in this fabrication run. The process also provides
MIM capacitors, and models are provided for capacitors comprised of interdigitated
fingers on the metal layers. The design was originally created with high-k MIM
capacitors having double the capacitance density, however these were replaced with
standard MIMs at the request of MOSIS (one less mask is required). Special resistors,

the K1 BEOL, resistors are also available and offer, at the expense of lower sheet
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resistance, improved tolerance and matching as well as low parasitic capacitance. In

particular, these resistors are useful for the polyphase filters.

IBM provides design kits for layout, DRC, parasitic extraction, and simulation with
the Cadence Virtuoso interface and associated cadence tools. DRC was also possible via
Mentor Graphics Calibre and simulation models were provided for the Agilent ADS

simulation interface.
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