
Fig. 1.   Block diagram of ALMA phase-locked LO driver.
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Abstract  --- This paper describes the development of
electronically-tunable wideband low-phase-noise millimeter-
wave signal sources.  These sources are designed to drive
cooled Schottky multipliers to supply the LO for the ALMA
telescope array.  Each phase-locked driver consists of a YTO,
active multiplier chain (AMC), and a power amplifier. 
Measurements of a prototype driver electronically tunable
from 72-85 GHz with greater than 50 mW output power are
presented.  Additive phase noise of individual amplifiers and
multipliers is described.  Long-term phase drift measure-
ments are reported.  Preliminary W-band amplitude noise
measurements using a SIS mixer with a YTO-based driver
chain and Gunn oscillator LO are also presented.  All mea-
surements indicate that the stringent ALMA LO specifica-
tions can be met with this architecture.

I. INTRODUCTION

The Atacama Large Millimeter Array (ALMA) is a mil-
limeter wavelength telescope array presently under devel-
opment in the United States, Europe, and Japan.  The ar-
ray consists of 64 12-meter antennas located at an eleva-
tion of 16,400 ft. on the Atacama plateau in northern
Chile.  Each antenna will contain ten receivers covering
ten bands from 31 to 950 GHz.  

The receiver front ends will be either InP HFET LNAs
for the low frequencies (<115 GHz) or SIS mixers for the
higher bands.  The IF is at 4-12 GHz.  Since the receivers
are all sideband separating or  double sideband, the LO
needs to cover 24 GHz less bandwidth than the receiver
front ends, though it still requires >20% bandwidth for
some bands.  The LO power required ranges from 10-100
µW for the SIS receivers.  One other important require-
ment is the desire to eliminate mechanical tuning of any
sort.

The baseline plan for achieving these ambitious specifi-
cations is to use a suite of phase-locked electronically tun-
able “drivers” up to 122 GHz based on a YIG-tuned oscil-
lator (YTO) operating from 16.5-26.0 GHz, as shown in
Fig. 1.  The YTO will drive an active multiplier chain
(AMC) up to the 68-122 GHz range where the phase-lock-
ed loop (PLL) will be closed.  The last power amplifier
will be outside the PLL. The high-power output of the
driver is routed inside a dewar to a cold multiplier assem-
bly at the 77 K station. The output power of this amplifier
should be at least 100 mW to adequately drive the cold
multipliers.  If placing this final amplifier outside the PLL
causes the phase drift to be higher than the specification,
than the PLL can be closed after the amplifier.  Table I

summarizes the frequency requirements for the ALMA
LO .

The low-phase-noise reference is delivered over
fiberoptic cable as the beat note between two optical fre-
quencies [1], generated at a central building.   

One of the most important tasks of the development
phase is to measure the phase noise, phase drift, and am-
plitude noise properties of a prototype LO driver and de-
termine if they meet acceptable specifications.  This paper
summarizes these measurements.

II. MEASUREMENTS

A. Phase Noise

The ALMA phase noise budget assigns 31 fs integrated
phase noise to the electronics as a goal [2].  This gives
90% interferometric coherence at 950 GHz in the best
atmospheric conditions at the site.

The HP E5500 Phase Noise Measurement System is
used for all the measurements described here.  The PLL
can be closed anywhere in the chain following the YTO
by placing a directional coupler at that point.  The fre-
quency of the coupled signal is set to N * 600 MHz +
103.65 MHz.  We chose 103.65 MHz as the offset be-
cause a low phase noise voltage-controlled crystal oscilla-
tor (VCXO) was available.  The 600-MHz reference is a

0-7803-6540-2/01/$10.00 (C) 2001 IEEE



Fig. 2.    Measured phase noise in femtoseconds integrated from
1-100 kHz at each point in the YTO driver chain.  The
uncertainty range is three standards of deviation.

very low phase noise signal provided by the test set.  This
passes through a comb generator into a balanced mixer to
downconvert the coupled signal to 103.65 MHz.  The
103.65 MHz IF is filtered and amplified  to drive the
phase detector. The phase detector output is passed throu-
gh an active second-order loop filter, where it is then used
as the correction voltage for the YTO.  The loop band-
width is controlled by the component values of the loop
filter.

The RF output is sent to the test set where it is also
downconverted with a harmonic of the 600-MHz signal. 
The phase reference for the resulting signal is provided by
a tunable HP 8663 synthesizer.  The output of the internal
phase detector is analyzed by the test set to measure phase
noise and to close the loop by tuning the 103.65 MHz
VCXO.

For these measurements, the reference includes the mul-
tiplied 600-MHz signal used for downconversion as well
as the VCXO.  For the final ALMA version, the reference
will be a variable millimeter-wave reference generated by
the difference frequency between two optical carriers in a
photomixer [1].  

To measure phase noise contributions from individual
components, the loop was locked after the YTO at 19.903-
65 GHz  before any additional components.  This enables
accurate measurements of additive phase noise of compo-
nents by not including variations in loop parameters by
locking at different frequencies.  

Phase noise measurements were then performed at the 
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Table 1.    Frequency specifications, by band, of the ALMA re-
ceivers (column 2), required LO (column 5), base YTO (column
3), and phase-locked room temperature LO driver (column 4).  

YTO output and at the output of each successive stage of
multiplication and amplification.  Fig. 2 shows the inte-
grated phase noise from 1-100 kHz in femtoseconds at
each point in the chain.  Above 100 kHz, the measure-
ments were already below the noise floor of the W-band
harmonic mixer.  However, since any additive phase noise
would decrease with offset frequency, measurements bel-
ow 100 kHz are the most crucial.  

The chain consists of the YTO, a FET doubler using the
HP HMMC5040 MMIC, a Q-band power amplifier made
with the same device, a balanced diode doubler [3], and a
72-85 GHz power amplifier on loan from JPL [4].  It
should be noted that both amplifiers were heavily satu-
rated.  Ten independently calibrated measurements were
made at each point in the chain.  The uncertainty range
shown is three standards of deviation.

The most precise measurements in this chain were made
before and after the W-band power amplifier.  Based on
these measurements, we determine that the additive phase
noise of that amplifier is 1.3 +/- 0.7 fs.  In terms of phase
noise, therefore, placing the final power amplifier outside
the loop does not cause any problems.

This measurement also gives us an estimate of the addi-
tive phase noise that can be expected from the cold multi-
pliers, since the balanced 40 to 80-GHz doubler used here
is of similar design as some of the out-of-loop cold multi-
pliers.  Even keeping in mind that the phase errors add in
quadrature, the contribution of each multiplier is minimal.  

 Fig. 3 shows the phase noise measurement of the full
YTO driver LO chain at 79.615 GHz.  The PLL is closed
at the YTO frequency, 19.903 GHz.  This is the same
setup used for the additive phase noise measurements de-
scribed earlier.  We have also made measurements with
the PLL locked at 79.615 GHz.  The results, in terms of
phase noise, are basically identical since the doublers and
amplifiers add little if any phase noise as demonstrated
earlier.  The primary advantage in locking at the higher
frequency is in terms of phase drift.  

Labeled on the plot is the integrated phase noise from 1-
100 kHz, 12.65 fs, and the calculated phase noise from
100 kHz to infinity, 17.84 fs, assuming a 20 dB/decade
drop in phase noise outside the phase lock loop as repre-
sented by the dashed line superimposed on the plot.  The
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Fig. 5.    Calculated standard deviation from linear fit over 10-
minute time span for long-term phase drift measurement.  Each
point represents the standard deviation from a linear fit between
the phase at that time and the phase ten minutes later.

Fig. 3.    HP E5500 phase noise measurement of 79.615 GHz LO
driver.
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Fig. 4.    Measured temperature and phase drift of 76-GHz LO
driver.

flattening of the phase noise spectrum near 500 kHz is not
due to the noise floor of the YTO, but rather due to mea-
surement equipment. 

B. Phase Drift

The ALMA goal for the phase drift associated with the
electronics on time scales greater than one second is 2.1
um, or 2.4 degrees of phase at 950 GHz.  A convenient
timescale to characterize drift is 10 minutes, which is long
enough to be of practical use for astronomy yet short
enough to permit useful engineering measurements.  The
goal of 2.4 degrees at 950 GHz represents the standard de-
viation between the true phase of the electronics and an
estimate made by linearly interpolating between two cali-
brations taken 10 minutes apart.

Phase drift is measured by tracking the output of the
HPE5500's internal phase detector using a similar setup as
that used for the phase noise measurements described ear-
lier.  The PLL was closed before the final amplifier at 76
GHz.

The measurement shown in Fig. 4 was taken over a
weekend starting about 4:45pm on a Friday afternoon. 
Less than two hours later, the air conditioning was shut
off for the weekend and we see over the course of the
weekend a 12 degree rise in temperature and a corre-
sponding decrease in phase with a similar time constant. 
Points were taken every ten seconds.

Fig. 5 shows the calculated standard deviation from a
linear fit over a ten-minute time span.  Except for places
where there was a sudden temperature change, i.e. when
the a/c shut off, this averages about 0.15 degrees of phase
at 76 GHz and slowly decreases as the temperature stabi-
lizes over the weekend.  This is a measurement of the en-
tire system, but does indicate that even for large temperat-

ure swings, the extra phase drift incurred by placing the
final power amplifier outside the PLL will not be a prob-
lem. In the future, we will perform similar measurements
with the last amplifier isolated in a controlled temperature
oven.

C. Amplitude Noise

The proposed goal and specification for the amplitude
noise contributed by the LO is 3 and 10 K/µW respec-
tively [2].  Noise at the IF (4-12 GHz away from the car-
rier of the LO) will be downconverted into the IF passba-
nd and add to the total system noise temperature at a level
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Fig. 6.    Measurement setup for amplitude noise comparison
of Gunn oscillator LO versus YTO-based LO.

equal to the noise temperature of the LO power.  For a
balanced mixer, this added noise would be less by a factor
equal to the LO isolation provided by the mixer (typically
10-20 dB).

To measure the noise-to-signal ratio (N/S) of a YTO
chain LO, a W-band SIS mixer with 1.4 GHz IF was used. 
This is shown in Fig. 6.  The LO supplied was switched
between a Gunn oscillator and a YTO driver LO identical
to the chain used for the phase noise measurements de-
scribed in the previous section.  The frequency of the
Gunn and YTO driver LO were both unlocked and tuned
to 78.0 GHz. 

The total receiver noise with the Gunn oscillator LO
was 185.2 +/- 1.0 K with the SIS mixer being operated
below its optimum tuning range of 90-116 GHz.  The ad-
ditional receiver noise measured using the YTO driver
chain LO was 5.1 +/- 1.2 K.  Based on the knowledge that
the N/S of the Gunn is approximately 1 K/µW and the loss
of the LO coupling into the dewar, the N/S of the YTO
chain was calculated to be 3.7 +/- 0.9 K/µW.  This figure
is expected to be less for higher IF frequencies.  A 240-
GHz wideband varactor tripler is currently being devel-
oped at the CDL for use on the ALMA test interferometer. 
Future work includes making the same amplitude noise
measurements at 240 GHz at the ALMA IF (4-12 GHz)
over the full frequency range of the band.

A similar measurement was performed by Mehdi et al
on the Caltech Submillimeter-wave Observatory (CSO)
[5].  A slight decrease in receiver noise temperature was
measured when inserting a MMIC power amplifier into
their LO chain after a Gunn oscillator.

III. CONCLUSIONS

We have presented measured data of phase noise from
the prototype ALMA LO drivers.  These measurements
show that with a loop bandwidth of only a few hundred

kHz, we can meet the specifications for phase noise.  The
additive phase noise of amplifiers and multipliers was
measured and found to be negligible.  Phase drift
measurements show that even for large temperature
swings, the phase drift is sufficiently linear to maintain
specifications with calibrations every ten minutes and the
final millimeter-wave power amplifier outside the PLL. 
Preliminary amplitude noise measurements were presented
with encouraging results, meeting specifications and very
close to the goal.  Future work includes extending the
bandwidth of the driver chain and verifying that the noise
specifications can be met over the full bandwidth.
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