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Abstract

Radio telescopes are among the applications with the highest demands on a local oscillator
(LO), which is used to receive and process the signals coming from the sky. Therefore the
modules providing the required LO signal have traditionally been big and complicated. To
overcome this disadvantage, we implement our own integrated frequency synthesizer inside
a small LO module in this article. With this synthesizer we are able to achieve a jitter of
only 50 fs integrated from 10 Hz to 2.5 GHz offset at a carrier frequency of 75 GHz. This is
in part achieved by a very low in-band phase noise of −111.8 dBc at 10 kHz offset. The sta-
bilizable frequency range is 62–88 GHz. Thus achieving promising results to fulfill this very
demanding task with integrated frequency synthesizers in the future.

Introduction

Microwave measurement systems are used for a multitude of applications. This includes
frequency-modulated continuous wave (FMCW) radar systems for range and velocity mea-
surements [1] or material characterization [2]. Additionally, vector network analysis [3] and
radiometers [4] belong to that category. The commonality of their measuring principle is
the reception of a signal in the microwave range, which is down-converted with a local oscil-
lator (LO) signal. This allows for processing in the baseband. However, the quality of the LO
signal therefore is a limiting factor regarding the performance capabilities of these systems.

Phase-locked loops (PLLs) are able to generate LO signals that offer little to no performance
degradation. Minimizing the LO’s phase noise increases the signal-to-noise ratio (SNR) of those
systems. For a homodyne FMCW radar sensor, the impact of the phase noise becomes more
significant for a higher range R of the obstacle [1]. In automotive radar sensors specifically,
this range is measured by transmitting a frequency chirp. This chirp is received after exhibiting
a propagation delay given by τ = 2Rc−1. Hence, the phase noise of the transmitted and received
chirp is caused by the same LO signal. Their noise is therefore highly correlated for small propa-
gation delays and mostly cancels out during the down-conversion [5]. For higher ranges the
magnitude of this effect decreases as the signals become less correlated. This is included in
the analytical description of the intermediate frequency’s (IF’s) single-sideband phase noise

LPN(foff , R) = LLO(foff )+ 20 log 2 sin
2pRfoff

c0

( )( )
(1)

as well as the dependency on the offset frequency foff [6]. However, the occurring ranges are high
in automotive applications and, especially, highway scenarios. Therefore, the importance of a low
noise LO-signal increases. Simultaneously, the occurring, maximum velocities vmax to be mea-
sured unambiguously

vmax = l

4TC
, (2)

requires a PLL fast enough to generate short chirp durations TC [7].
Therefore in [8], we presented a PLL based on a monolithic microwave integrated circuit’s

(MMIC’s) utilizing a loop bandwidth of 5 MHz and a reference frequency of 1 GHz to simul-
taneously obtain low phase noise and short settling times. Comparisons to the state of the art
have highlighted its ability to generate low-phase-noise signals inside the automotive band
ranging from 76 to 81 GHz. For that application, the high tunable bandwidth of the voltage-
controlled oscillator (VCO) did not have to be fully utilized. However, combined with the
exceptional phase noise results, it enables the presented synthesizer to be utilized for other
applications. Specifically. as further discussed in Sections ‘Radio telescope requirements’ and
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‘Phase noise and jitter fundamentals’, the phase noise is poten-
tially low enough to generate LO signals for radio telescopes.
An application that has one of the highest demands regarding
phase stability.

As radio telescopes and receivers were extended from the
cm-wave (<20 GHz) to millimeter-wave (30–300 GHz), new
devices and LO sources were needed to provide higher frequency
and extended tuning capability. In general, the best devices for
these purposes were: (a) YIG tuned oscillators (YTO) which
have very low noise and linear tuning, and are generally available
up to 30 GHz, and (b) Gunn oscillators, which could be used up
to 150 GHz and also had good noise characteristics. As an early
example, the state-of-the-art from a previous generation of
radio telescopes utilized phase locked Gunn oscillators, with
mechanically adjusted backshorts, and electronic multipliers [9].
A more recent example is the Atacama Large Millimeter/
Submillimeter Array (ALMA) radio telescope, in which YIG oscil-
lators were chosen for their low-noise and linear electronic tun-
ing, and with no mechanical adjustments [10, 11]. However,
YTOs in turn required additional multiplication factors to reach
the desired millimeter-wave frequencies. For instance, [10, 11]
are based on YTOs from 12.27–14.73 GHz and 14.7–17.4 GHz,
respectively. They are followed by a custom frequency doubler
and tripler, with an amplifier at the output of each, respectively.
Bandpass filters are placed behind the multipliers to suppress
undesired harmonics. Using a YTO is an obvious choice because
of its superior phase noise performance compared to a VCO. This
was shown by ourselves with a YTO ranging from 19.1 to 41.4 GHz
with a phase noise of only −150 dBc/Hz at 1MHz offset [12].
However, this comes with a significantly higher complexity.

The synthesizer we presented in [8] based on a VCO, however,
allows for a significant reduction in size and complexity compared
to the aforementioned modules. To showcase the capabilities of
the MMIC in this context, this article extends that work. Therein,
we first explain the demands on a radio telescope LO-source in
Section ‘Radio telescope requirements’. Section ‘Phase noise and jit-
ter fundamentals’ describes fundamentals of phase noise and corre-
sponding jitter as well as their impact on this work fulfilling those
demands. In Section ‘MMIC’ the realized synthesizerMMIC is pre-
sented in detail. Subsequently, the LO-module based on thatMMIC
depicted in Fig. 1 is shown in further detail in Section ‘LOmodule’.
Finally, the results of the conductedmeasurements are presented in
Section ‘Measurement results’.

Radio telescope requirements

Radio telescope measurements do not easily benefit from a correl-
ation effect as the radar case described by (1). The required LO
signal is applied to the receive mixers exclusively, which down-
convert the sky’s signal. In the case of ALMA, the observed fre-
quencies range from 31–950 GHz [13]. The resulting bandwidth
of 911 GHz is divided into 10 bands, each having a dedicated
LO assembly [11]. This limits the individual tuning bandwidth
to 16%–25%, which is surpassed by the 40.1% relative bandwidth
of our utilized VCO [14]. Generally speaking, each warm cart-
ridge assembly is based on the frequency multiplication of a
YTO as described in Section ‘Introduction’, with small modifica-
tions based on the desired output frequency. The maximum fre-
quency at the output (including YTO, amplifiers, and warm
multiplication) is limited to 121.7 GHz. For all bands surpassing
that frequency (band 4–10), a cold frequency multiplier is placed
behind the warm cartridge assembly.

While ALMA has been in operation since 2013, another radio
telescope, the next generation Very Large Array (ngVLA) is cur-
rently in its design stages. Its system conceptual design descrip-
tion has been released in June 2022 [15]. Therein included is
the frequency plan which divides the targeted bandwidth of
1.3–116 GHz into six bands. Band 6, which extends the
W-band with its frequency range of 70–116 GHz is of the highest
interest to this work. A total of 8 LO frequencies with a spacing of
5.8 GHz are required for that band. They can therefore all be gen-
erated as multiples of the intended 2.9 GHz reference frequency.

These LO frequencies are used to down-convert the sky’s
signal into the baseband which is then sampled at 7 Gsps, creating
an overlap between the IF-signals to support calibration. The
ngVLA allocates τsys = 132 fs of total system rms phase noise

(per antenna). By applying the factor exp(−f2

2 ) where f = ω ⋅ τsys
with ω being the maximum radial frequency of 2π ⋅ 116 GHz
this amounts to a signal coherence loss of 1% [16]. The total sys-
tem phase noise is equally allocated (in a root sum square sense)
to the LO, the digitizer clock, and actual physical jitter of the 18-m
antenna structure. The LO modules of the ngVLA therefore need
to create the signals with minimum jitter, 76 fs or less, up to an
offset frequency of 3.5 GHz [17].

Our aim in this work is not to build a module that directly
qualifies for the use in ngVLA. Rather, we test the capabilities
of our integrated frequency synthesizer presented in [8] in this
new context. Therefore, the realized LO module aims to generate
frequencies inside the E-band with a very high reference fre-
quency of 5 GHz. The integrated jitter up to an offset frequency
of 2.5 GHz should not surpass 76 fs. This results in a continuously
observable sky frequency without overlap. As those requirements
are similar to the ones presented in [15, 17], the realized perform-
ance of the E-band LO modules may clarify whether complicated
warm cartridge assemblies can be replaced by integrated fre-
quency synthesizers in the future.

Phase noise and jitter fundamentals

Phase noise is not as easily characterized by a single value as for
instance a system’s output power. This complicates the compari-
son of different LO-signal sources. Hereafter, we refer to the phase
noise as one half of the one-sided spectral density of phase fluc-
tuations with respect to a bandwidth of 1 Hz as defined by IEEE
standards [18]. In corresponding tables of publications, the phase
noise value at an offset frequency of 1MHz is regularly given.

Fig. 1. Photograph of built LO module with the RF frontend highlighted.
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This is common practice for the open-loop phase noise of VCOs,
as it can be easily measured and extrapolated. However, this is not
the case for LO-signals provided by a PLL. Additionally, the value
at 1MHz offset frequency does not directly impact the perform-
ance of most microwave measurement systems. What has an
impact on the SNR however, is the integrated phase error

sLO =
����������������������
2 ·

∫Bsys
1

Tobs

LLO(foff )dfoff

√√√√ (3)

ranging from the subsequently discussed lower integration limit
T−1
obs to the system’s bandwidth Bsys. In a radar system, Bsys is lim-

ited by the anti-aliasing low-pass filter in front of the
analog-to-digital-converter (ADC). Alternatively, a radio tele-
scope conducts fixed frequency measurements with a step size
of fres. Thereby, Bsys can be limited to fres/2. While the upper inte-
gration limit can be derived from the intended application, a
lower limit of 0 Hz would pose a problem. Observing an oscillator
with an f−2-behavior for an infinite amount of time will inevitably
cause the measured jitter to increase indefinitely. Therefore, it can
and often is limited to the reciprocal of the system’s maximum
observation time Tobs [19]. The integrated phase error can be con-
verted to the RMS time jitter

JLO = 1
2p · fs · sLO,RMS, (4)

which normalizes the phase noise based on the signal’s frequency
fs, thus allowing for easier comparisons.

Furthermore, it can be derived from (3), that decisive measure
is the area underneath the phase noise as a function of the offset
frequency. Therefore, the oscillator’s free-running phase noise
does not directly dictate the σLO. Whereas, it determines the
necessary noise floor of the PLL to achieve a specific σLO.

For illustration, we can approximate the closed-loop phase
noise of a PLL as a function of foff as

LPLL(foff ) = Lflat

1+ foff/Bloop
( )2 . (5)

This assumes a constant value Lflat up to the loop bandwidth Bloop
neglecting 1/f noise close to the carrier and the noise floor for
large offset frequencies. Outside the loop bandwidth the phase
noise quadratically decreases with the oscillator’s open-loop
phase noise [19]. To calculate the corresponding JLO, this equation
is first integrated in regards to foff

∫
LPLL(foff ) dfoff =

∫Bsys
0

Lflat

1+ foff/Bloop
( )2 dfoff . (6)

It should be noted that in this case a lower boundary of 0 can be
chosen, because the LPLL approximation does not converge
towards infinity close to the carrier. To minimize the integrated
phase error, Bloop is chosen as the crossing frequency of the
VCO’s noise LVCO and Lflat given by

Bloop =
�����������������������
LVCO,1MHz · 1 MHz2

Lflat

√
, (7)

where LVCO,1MHz is the phase noise of a SiGe VCO at an offset
frequency of 1MHz with a low 1/f noise corner frequency.
Furthermore, (6) is solved using

∫
1

1+ (foff )
2 dfoff = arctan (foff ). (8)

Inserting the result of (6) into equations (3) and subsequently (4)
we finally derive a jitter of

JLO = 1
fs

�����������������������������������������������������������
Lflat · LVCO,1MHz · 1MHz2

√
2p2

√

·
�����������������������������������
arctan

Bsys
�����Lflat

√����������������������
LVCO,1MHz · 1MHz2

√
( )√√√√

(9)

for the approximated PLL. To illustrate the resulting jitter’s
dependency on the upper integration limit Bsys, its behavior is
also illustrated in Fig. 2. For increasing Bsys it converges towards

JLO = 1
fs

�����������������������������������������������������������
Lflat · LVCO,1MHz · 1MHz2

√
4p

√
, (10)

which showcases that the phase noise floor of the PLL Lflat has the
same impact on the jitter as LVCO. Therefore, the use of an YTO
can be omitted, if using a PLL with a noise floor of -110 dBc as we
will demonstrate in Section ‘Measurement results’.

MMIC

The proposed synthesizer was realized on an MMIC in Infineon’s
B11HFC 130 nm SiGe:C technology with fT = 250 GHz and
fmax = 370 GHz. It has a size of 1964 × 1448 μm2, and is shown
in Fig. 3.

It contains a transceiver including a VCO covering the E-band
[14], which is necessary to fulfill the demands presented in
Section ‘Radio telescope requirements’. This is achieved due to
a tunable bandwidth of 31 GHz. The corresponding required
tuning voltage ranges from 1.1 V to 9.3 V. With an output
power of 7 dBm provided by the VCO, the transceiver provides
a transmit output power of approximately -1 dBm measured
on-chip. All while simultaneously driving the LO-port of the
direct-down-conversion mixer. The minimum open-loop
phase noise at an offset frequency of 1 MHz was measured to
be −99 dBc/Hz.

Fig. 2. Illustration of the approximation of the closed-loop PLL phase noise (left) and
the resulting jitter as a function of the system’s bandwidth (right).
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The VCO’s core is connected to the fully programmable fre-
quency divider [20]. By using merged emitter-coupled logic in
conjunction with inductive peaking, it achieves a maximum
input frequency of 94 GHz. Thus, a static frequency division
inside the PLL can be omitted. Additionally, the programmability
of every integer division factor 12≤N≤ 259 allows for high flexi-
bility of the reference frequency. Hence, the maximum reference
frequency able to cover the E-band is fref = 5 GHz, which is used
for the phase noise measurements in Section ‘Measurement
results’. The divider’s additive phase noise for a division ratio of
15 and output frequency of 5 GHz is depicted in Fig. 4.

To operate at a high reference frequency of 5 GHz, a highly lin-
ear PFD with a high input frequency is used, comparable to [1].
To achieve those required operating frequencies, the PFD is also
implemented in merged emitter-coupled logic, like the program-
mable divider. The output stage is realized with open-collector
outputs designed to drive an external, differential active low-pass
filter without the use of a charge pump (CP). A CP is convention-
ally used to drive the loop filter. It allows for a passive loop filter
and thus a fully integrated PLL. However, the use of an integrated
loop filter significantly limits the achievable transfer functions
and tuning voltages. Additionally, the mismatch of the up and
down currents at these high input frequencies would considerably
degrade the linearity of the PFD and lead to high dynamic

mismatch noise in the PLL [1]. As is shown in Section
‘Measurement results’, the PFD’s additive phase noise does not
affect the PLL, due to the fref of 5 GHz. As described in
detail in [21], the additive phase noise of a PFD only increases
by 10 dB per decade with increasing reference frequency.

The entire MMIC draws a current of approximately 340 mA
from a 3.6 V power supply.

For the reasons mentioned above, the transceiver renounces
the use of a CP while using an external active loop filter. Fig. 5
presents the filter’s architecture. With the help of simulations, a
loop bandwidth of 5.8 MHz with a phase margin of wm = 71° at
the center frequency of fs = 75 GHz was chosen to minimize the
PLL’s jitter. While a higher Bloop and wm would have been even
better, respectively, we limited the minimum value of Cp to
avoid problems caused by the op-amp’s input capacitance.

LO module

To address the described application, the MMIC presented in
Section ‘MMIC’ is utilized inside an LO module. This
module consists of two printed circuit boards (PCBs), an
RF-frontend, and a control board. Both PCBs are presented in
Figs. 6 and 7.

The RF-frontend was manufactured using Rogers RO3003TM

substrate with a thickness of 127 μm. It has relative permittivity
of er = 3 and a dissipation factor of tan δ = 0.001 at 10 GHz. It
consists of the MMIC, the loop filter, an IF-amplifier for radar
operation and a waveguide transition to couple the synthesized
LO-signal. The differential signal at the MMIC’s output is com-
bined via a rat race coupler. Afterwards, the single-ended micro-
strip transitions into a surface-integrated waveguide (SIW) and
subsequently a WR-12 through air-filled steps based on the con-
cept presented in [22]. As the VCO discussed in Section ‘MMIC’
can cover the full E-band of the WR-12, the used waveguide tran-
sition should as well. Therefore, it was designed and optimized in
CST Studio Suite. The results of those simulations including the
rat-race coupler are presented in Fig. 8. A return loss better
than 13.5 dB is achieved for the entire E-band resulting in a max-
imum mismatch loss below 0.2 dB. The insertion loss is better
than 3.2 dB for the entire band and better than 2 dB from
66 GHz on, respectively.

The control board encompasses a 5 V and 12 V power con-
nector to supply the MMIC and loop filter op-amp, respectively.
The additional 12 V supply eliminates the need for a DC-DC con-
verter, to keep the signal free from any switching frequencies.

Fig. 3. Photograph of the realized MMIC containing the mixer, coupler, VCO, program-
mable frequency divider and PFD.

Fig. 4. Simulated additive phase noise of the programmable frequency divider for an
output frequency of 5 GHz and a divider value N of 15.

Fig. 5. Schematic of the active loop filter, applying the differential output signal of
the PFD directly, without the use of a CP.
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LSHM high-speed connectors are used to connect the boards to
cope with the used reference and divider frequency. Both can
be applied or tapped through SMA-connectors, respectively.
The divider value can be adjusted with the double throw dip
switches.

To achieve repeatable and reliable results, thermal manage-
ment of the MMIC must be considered. Therefore, the bare die
is placed inside a cavity and glued onto the back plate copper
of the RF-frontend with a thickness of 1 mm. Additionally, this
copper is in direct contact with the metal enclosure, which can
be seen in Fig. 1. This distributes the produced heat over a larger
thermal mass, away from the MMIC. Even during constant use,
the temperature of the metal enclosure does not surpass 40 ◦C.

The complete module has a size of 6 × 5 × 2 cm3 and only
requires two supply voltages and the reference frequency to gen-
erate the low jitter LO-signal provided at the WR-12. In total, it
consumes a power of approx. 1.9W.

Measurement results

To verify the quality of the generated LO signals, phase noise
measurements with the realized LO module were conducted.
The reference signal of 5 GHz is provided by a phase noise and
signal source analyzer (R&S FSWP) that also performs the mea-
surements. Therefore, the coupling bandwidth of the analyzer’s
internal synthesizers is set to 1 Hz to avoid cancelation of the
reference’s noise close to the carrier. Since the LO module’s
generated frequencies surpass the device’s maximum input fre-
quency, a W-band extender module (VDI WR10SAX) was used
as an external mixer. The SAX is connected to the WR-12 of
the module and extends the FSWP’s range beyond the needed
bandwidth. However, this entails operating the WR10SAX out
of its specified frequency range and close to the waveguide’s cut-
off. Nevertheless, this setup offered the lowest available noise
floor, while being able to measure nearly the full range of the gen-
erated frequencies.

Firstly, the phase noise at the center frequency is measured and
compared to the simulation from 10 Hz to 1 GHz in Fig. 9. This
includes the simulated contributions of the single PLL’s compo-
nents. The measurement and simulation are in good agreement,
while the measured phase noise is slightly degraded at 100 kHz
and 10MHz. At first the reference dominates the PLL’s phase
noise from 10 Hz up to an offset frequency of approximately
500 kHz, while the VCO dominates for higher offset frequencies.
It has to be noted that the down-conversion signal fed into the
SAX is not part of the simulations. Nevertheless, the in-band
phase noise is very low compared to the state of the art, with
just −111.8 dBc/Hz at an offset frequency of 10 kHz.

As phase noise measurements typically do, the presented
measurement results include a spur reduction of the measurement
instrument. To investigate the PLL’s spur level, the filtered phase
noise is compared to the raw data in Fig. 10. Except for one spur
slightly above 10MHz at approximately −95 dBc, the raw data is
spur-free upwards of 1 kHz. Below 1 kHz there are a couple of
even smaller spurs caused by e.g. the European line frequency
of 50 Hz. Additionally, the phase noise measured at the divider
output increased by 20log(15) = 23.52 dB is also included in the
Fig. 10. It closely matches the behavior measured at the wave-
guide. A significant difference is an increased noise floor starting
from approximately 40MHz. This is caused by the noise floor of
the frequency divider itself, as the simulated −154 dBc presented
in Fig. 3 are also degraded by 23.52 dB. Nevertheless, measuring
the divider output via SMA is a viable option up to an offset

Fig. 6. Photograph of the RF frontend. The MMIC presented in Section ‘MMIC’ is
placed inside a cavity and wire-bonded to the PCB. The RF-signal is coupled via a
stepped waveguide transition into a WR-12.

Fig. 7. Photograph of the control board. It generates the necessary supply voltages
from 5 V and 12 V, respectively. To change the divider value double-throw dip
switches are located on the PCB. SMA connectors are utilized to supply the reference
frequency and probe the frequency divider’s output.

Fig. 8. Simulated transmission S21 and reflection S11 parameters of the WR-12 wave-
guide transition in the entire E-band.
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frequency of approximately 40MHz, without needing extra meas-
urement equipment capable of frequencies up to 90 GHz. It fur-
thermore validates the measurements conducted at the waveguide.

To investigate the phase noise performance across the entire
E-band frequency range, measurements for all available frequen-
cies were conducted and are depicted in Fig. 11. Therein, the fre-
quencies 70 GHz ≤ fs≤ 85 GHz were measured at the waveguide.
However, due to the undercutting of the WR10SAX’s specified
frequency range, only a very low amplitude is measured at 65
GHz. As this low amplitude compromises the phase noise meas-
urement, the result at the divider output with its increased noise
floor starting at 40MHz offset is presented instead. All the fre-
quencies exhibit very low in-band phase noise. The variation of
the VCO gain KVCO is around 10:1 and causes the differences
of loop bandwidth and phase margin across the generated
frequencies.

As discussed in detail in Section ‘Phase noise and jitter funda-
mentals’, the RMS time jitter can be of great interest for trying to
characterize and compare phase noise. Therefore, we calculated
the jitter at all the generated frequencies. The minimum available
offset frequency of 10 Hz was chosen as the lower integration
limit. To illustrate the main contribution to the jitter, it was cal-
culated as a function of the upper integration limit. Each fre-
quency’s noise floor was extrapolated up to 2.5 GHz to achieve

the fstep/2 limit discussed in Section ‘Phase noise and jitter funda-
mentals’. The legitimacy of that extrapolation was validated using
a third measurement setup able to measure up to that frequency.
Since that setup dominated the phase noise inside the loop band-
width it was only used for that validation and the results are not
shown for clarity. Fig. 12 shows the resulting jitter for the five
signal frequencies. It can be seen, that the measured jitter as a
function of the upper integration limit shows close resemblance
to the theoretical behavior described in (9) and illustrated in
Fig. 2. While the reference has an impact close to the carrier,
the majority of the jitter is added close to Bloop, in accordance
to [19]. An effect not modeled in (9), but observable in Fig. 12,
is the finite noise floor starting to become relevant for very
high offset frequencies. However, up to 2.5 GHz it does not yet
have a significant impact. Additionally, at all signal frequencies,
except of fs =65 GHz, the requirements of 76 fs presented in sec-
tion ‘Radio telescope requirements’ are fullfilled. It should be
noted, that the 65 GHz measurement was limited by the equip-
ment, while the steep KVCO also becomes difficult to account
for. To improve the results at the low signal frequencies, the feasi-
bility of a loop gain compensation as we presented in [23] will be
investigated in future works.

As a final measurement, the LO module’s output power
dependent on the signal frequency is characterized. Therefore,
the system was connected to a E4418B power meter with a

Fig. 9. Measured phase noise at the waveguide port for fs = 75 GHz compared to the
simulation. A very low in-band phase noise of −111.8 dBc/Hz at 10 kHz has been
achieved. Additionally, the measurement is in good agreement with the simulation,
with a slight degradation at 100 kHz and 10 MHz, respectively.

Fig. 10. Measured phase noise at fs = 75 GHz with and without spur reduction. The
raw data is almost identical to the filtered signal, with a small spur above 10 MHz.
Additionally, the result when measuring at the divider output is also given. This
method offers easier measurements with an increased noise floor above 40 MHz
caused by the frequency divider.

Fig. 11. Measured phase noise at all stabilizable frequencies with fref = 5 GHz. They all
exhibit very low phase noise, while the signal frequency fs = 65 GHz had to be mea-
sured at the divider output because of the limitations of the WR10SAX and is there-
fore limited by the measurement setup above 40 MHz. Simultaneously, the effect of
KVCO on the bandwidth and phase margin is visible.

Fig. 12. Integrated jitter starting at 10 Hz in dependency of the upper integration
limit. The frequencies starting from 70 GHz all exhibit a small enough jitter for the
desired application. Only 50–57 fs are reached when integrating to 2.5 GHz for 70–
85 GHz.
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W8486A W-band power sensor, both from Agilent. Furthermore,
this measurement also showcases the stabilizable bandwidth in
more detail. As depicted in Fig. 13, a step size of 1 GHz was chosen
to obtain a smoother measurement curve. The module achieves a
stabilizable frequency range of 62 GHz ≤fs≤ 88 GHz. The max-
imum measured output power is approximately -6 dBm. As it
should be approximately −1 dBm on-chip, this is in good agree-
ment concerning the losses of the bond-wires and the simulated
waveguide transition. It can be assumed that the rat-race coupler
especially, will exhibit losses a bit higher than the simulations
may suggest. While the presented output power is not sufficient
for a radio telescope, it should be recalled, that the presented
MMIC’s output is intended as a monostatic radar transceiver. In
that application a high output power would potentially over-
saturate the receiver. For the desired application it can be extended
with an amplifier in the future.

Lastly, the presented measurement results are compared to the
state of the art in Table 1. Our presented LO module is able
to achieve the lowest jitter from 10 kHz to 100 MHz with just
46 fs, compared to integrated frequency synthesizers in the E-
to W-band range. At the same time it exhibits a bandwidth of
up to 26 GHz, which is also among the highest. While a

traditional warm cartridge assembly can still offer a lower jitter,
our presented module has shown the potential to fulfill the
requirements of this demanding application. At the same time
it offers a significantly decreasing size, cost, and complexity.

Conclusion

In this article we presented a compact LO module achieving phase
noise levels and jitter suitable for radio telescope applications.
Therein we achieved a phase noise of just −111.8 dBc/Hz at 10
kHz offset with our integrated frequency synthesizer. This
resulted in an RMS time jitter of only 50 fs integrated from 10
Hz to 2.5 GHz at a signal frequency of 75 GHz. The stabilizable
frequency range of the module extends from 62–88 GHz, surpass-
ing the 25% relative bandwidth of the modules used inside
ALMA. Compared to those state-of-the-art radio telescope mod-
ules, ours significantly decreases size, cost and complexity.
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