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Ultralow PM and AM Noise Generation With an
Ensemble of Phase-Coherent Oscillators
Archita Hati , Member, IEEE, Marco Pomponio , and Craig W. Nelson , Member, IEEE

Abstract—This article investigates the performance
of an array of multiple phase-coherent power-combined
oscillators (PPOs) in terms of phase modulation (PM)
noise and amplitude modulation (AM) noise. The array
consists of six individual oscillator modules that gener-
ate three distinct frequencies: 10, 100 MHz, and 1 GHz.
By meticulously aligning the phases, we observed a
notable improvement of approximately 7.8 dB in the white
frequency region for the power-combined signal’s AM and
PM noise. This closely matches the theoretical value of
10 log10 (k) dB, where k is the total number of oscillators.
The enhancement arises from the fact that when multiple
sources are combined, the power of each source adds
coherently, while the random noise adds noncoherently.
Our experiments resulted in single-sideband (SSB) white
phase noise levels of −182, −191, and −168 dBc/Hz for
10, 100 MHz, and 1 GHz, respectively. The corresponding
white AM noise levels are approximately −191, −194, and
−182 dBc/Hz. Notably, these noise levels represent some
of the lowest ever reported at these frequencies. However,
the AM noise results for frequencies close to the carrier do
not achieve the theoretical 7.8-dB improvement due to PM-
to-AM conversion caused by imperfect phase alignment of
the individual summed signals. Furthermore, we discuss
the use of carrier-suppressed noise measurement and propose a novel, straightforward technique for optimizing
phase alignment to minimize PM-to-AM and AM-to-PM conversion in phase-coherent oscillator arrays.

Index Terms—AM-to-PM conversion, amplitude modulation (AM) noise, Armstrong modulator, phase modulation (PM)
noise, phase-coherent oscillators, phase-locked loop (PLL), PM-to-AM conversion.

I. INTRODUCTION

LOW phase modulation (PM) and amplitude modulation
(AM) noise oscillators are essential in a wide range of

applications. For instance, radar systems rely on low phase
noise sources to accurately detect and measure small and fast
objects [1], [2], [3]. In wireless communication systems, low
phase noise is also critical for achieving high signal quality
and data transfer rates [4], [5], and in medical imaging, it sets
the ultimate resolution [6], [7], [8], [9]. Similarly, in scientic
research, low phase noise sources are used in high-resolution
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spectroscopy, precision timing, and frequency metrology [10].
In addition, low phase noise sources and circuits are crucial
for digital signal processing, instrumentation, and audio appli-
cations where noise and distortion can degrade performance
[11]. Low AM noise sources are important as well, especially
for phase noise metrology for minimizing the impact of
AM-to-PM conversion in phase detectors [12]. Overall, any
application that requires spectral purity can benet from low
phase and amplitude noise sources.

Often noise levels of oscillators are above the required
specications for a system, and implementing noise reduction
becomes necessary. There are various well-known methods
that can be used to improve the phase noise of oscillators.
The techniques of feedback and feedforward are commonly
used to reduce the noise in oscillators and two-port devices,
such as ampliers [13], [14], [15], [16]. Furthermore, strategies
that use correlation between PM and AM noise of oscil-
lator loop components have shown to reduce phase noise
of oscillators [17], [18], [19]. By combining the outputs of
two or more independent oscillators that are phase-locked or
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Highlights
• This paper demonstrates near-optimal PM and AM noise reduction via an array of phase-coherent oscillators. It also

discusses a novel digital Armstrong modulator for minimizing PM↔AM noise conversions.

• We achieved white PM noise levels of −182, −191, and −168 dBc/Hz for 10, 100 MHz, and 1 GHz, respectively. The
corresponding white AM noise levels are approximately −191, −194, and −182 dBc/Hz.

• The proposed oscillators with high spectral purity and the new digital modulator possess great potential in precision
phase noise metrology and applications requiring ultralow phase noise.

injection-locked to each other, it is possible to reduce the phase
and amplitude noise of the combined output signal. However,
the phase noise reduction due to the coherent addition of the
signals will only be observed at offset frequencies outside
the phase-locked loop (PLL) bandwidth (BW). Extensive
theoretical work and experimental work on mutually synchro-
nized oscillator systems for various coupling topologies are
presented in the literature [20], [21], [22], [23]. In previous
work, the PM noise reduction in phase-coherent oscillators is
discussed; however, AM-to-PM or PM-to-AM noise conver-
sion has been mostly ignored.

In this article, we examine the PM and AM noise per-
formance of an array of six PPOs when arranged in a star
conguration where all the oscillators are phase-locked to
a common reference. This work originated from a differ-
ent project that required the development of six low-noise,
multifrequency oscillators with phase-lockable 10-MHz ref-
erence and a phase shifter at the output. The availability of
six such oscillators with all the required elements needed
to build a high-performance phase-coherent power-combined
array provided an ideal and unique opportunity to perform this
experiment.

II. PM AND AM NOISE OF PHASE-COHERENT
ARRAY OF OSCILLATORS

When the outputs of two or more independent but syn-
chronized oscillators are combined, it is possible to reduce
the contribution of uncorrelated phase and amplitude noise
from individual oscillators to the total combined output signal.
This approach necessitates phase-locking of the individual
oscillators. To elucidate the theory of a phase-coherent array
of oscillators, we dene a set of k equations describing the
output voltage of oscillators with independent noise processes
as

vi (t) = A

1+ αi (t)+ jϕi (t)


e jωt , where i = 1, 2,    , k

(1)

Here, A and ω denote the amplitude and angular frequency,
respectively. The random variables αi , and ϕi represent frac-
tional amplitude uctuations and phase uctuations for each
individual signal, respectively. In this analysis, αi , and ϕi will
take into account the contributions of both the parametric and
additive noise processes. A complex signal is used to represent
the oscillators, and this is done solely to simplify the analysis
and equations. In (1), we assume that the noise modulations
are small. The output of the Wilkinson power combiner, v(t),

can be written as

v(t) = − j√
k


A


k +

k

i=1

αi (t)+ j
k

i=1

ϕi (t)


e jωt


 (2)

Considering that the correlated signal amplitude adds linearly,
while uncorrelated noise variables add as their expected pow-
ers, the power spectral densities (PSDs) of the resultant signal
can be expressed as

Sα
( f ) = Sα( f )

k

Sϕ ( f ) =
Sϕ( f )
k

 (3)

Here, Sα
, Sϕ , and Sα , Sϕ denote the double-sideband (DSB)

AM noise, PM noise of the combined signals, and AM
noise, PM noise of the individual oscillators, respectively. For
simplicity, we assume that Sα = Sαi and Sϕ = Sϕi for all
k signals. Equation (3) illustrates that the AM noise and PM
noise experience a reduction factor of k in the combined output
compared with a single output.

To achieve this noise reduction, the k input signals to the
power combiner must exhibit the same average frequency
and be perfectly phase-aligned. This can be accomplished
using PLLs and additional phase shifters for ne adjustment.
Various synchronization topologies are possible [22], but in
this article, we solely investigate the “star” conguration
depicted in the abstract and in Fig. 1. For our proposed
phase-locked star conguration, the PM noise reduction given
in (3) occurs only for offset frequencies greater than the
PLL BW since all k oscillators are correlated inside the BW.
On the other hand, the phase-locking does not affect the AM
noise reduction inside the BW.

III. EXPERIMENTAL SETUP OF PHASE-COHERENT
ARRAY OF OSCILLATORS

For the PPO conguration, we used a total of six oscillators,
phase-locked to a common 10-MHz reference, as depicted in
Fig. 1. Each pair of three oscillators was rst power-summed
in a three-way power combiner, and the nal composite signal
was derived from the -port of the 180◦ hybrid. The delta-port
of the hybrid was primarily used for the PM and AM noise
measurements using carrier suppression (CS) technique [11],
[24], [25].

In power-summed oscillators, precise phase alignment
among the individual input oscillators is crucial for achieving
optimal noise at the output. Any deviation from the perfect
phase alignment can result in the projection of PM noise
into the AM quadrant and AM noise into the PM quadrant,
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Fig. 1. Block diagram of phase-coherent array of oscillators.
DDS—direct digital synthesizer; DC—directional coupler; NMS—noise
measurement system; OSC—oscillator; PS—power splitter/combiner;
α—attenuator; ϕ2—phase shifter.

Fig. 2. Block diagram of multifrequency oscillators (OSC1–OSC6) used
in the phase-coherent array conguration in Fig. 1. A coaxial relay is
used to select one of the three frequencies at 10, 100 MHz, and 1 GHz.

resulting in a deviation from the ideal noise reduction effect
described in (3). To address this, we introduced a 20-dB
directional coupler (DC) at the output of oscillator #1 to inject
a PM alignment signal. A phase shifter (ϕ2) was inserted to
adjust the AM-to-PM and PM-to-AM conversion at the outputs
of the hybrid, and a xed attenuator (α) was used to adjust
the level of CS. The CS method, the inuence of PM-to-AM
conversion, and the alignment procedure will be discussed in
detail in Section IV.

Each oscillator in the array was a commercial multi-
frequency oven-controlled crystal oscillator (OCXO) mod-
ule (NEL, Model# O-CMR058IS-N-E-S-L−10 MHz/100
MHz/1000 MHz), capable of generating frequencies of 10,
100 MHz, and 1 GHz. The individual oscillator module and its
associated components are illustrated in Fig. 2. To ensure sta-
ble operation, we designed a custom PLL (PLL1) that locked
the oscillator module to a 10-MHz external reference signal.
In addition, an external amplier (Amp) was incorporated
to amplify the 1-GHz output signal. The amplier operated
within a range of 1–2-dB compression. To select the desired
frequency, we used a coaxial switch. The output of the switch
was routed through a phase shifter capable of providing 90◦
phase shift at 1 GHz. This phase shifter provided the ne phase
adjustment needed to achieve desired CS.

IV. MEASUREMENT TECHNIQUE

To enhance the sensitivity of our PM and AM noise mea-
surements, we used a CS technique. This technique involves
suppressing the output carrier signal at the -port of the 180◦

hybrid, accomplished by adjusting the phase shifter and xed
attenuator as illustrated in Fig. 1. The suppressed signal was
then connected to the Rohde and Schwarz FSWP50 noise
analyzer, allowing simultaneous measurement of absolute AM
and PM noise. Typically, when using high levels of CS,
an amplier is required to restore the carrier power to the
minimum level necessary for the measurement system. How-
ever, to avoid introducing additional noise contributions from
an amplier, we deliberately chose not to use one.

At offset frequencies far from the carrier, the FSWP50
noise analyzer can measure the single-sideband (SSB) AM
and PM noise as low as the thermal signal-to-noise limit
(kBT )(2P0). Here, kB is Boltzmann’s constant, T is the
temperature in Kelvin, and P0 is the carrier power at the
input of the noise analyzer. The newer rmware update for
the FSWP50 implements a software correction that prevents
cross-spectral collapse due to the anti-correlation effect caused
by the thermal noise from the common-mode power-splitter
(PS) in the noise analyzer [26], [27], [28]. The close-to-the
carrier AM noise oor of the FSWP50 is signicantly higher
than the AM noise of the oscillators being measured. For
example, the instrument AM noise oor at 10-Hz offset ranges
between −130 and −135 dBc/Hz for a cross correlation factor
of 1000 for all the three frequencies under considerations.
Therefore, a CS approach was required for AM noise mea-
surements. For the same correlation factor, the PM noise oor
of the analyzer at a 10-Hz offset for carrier frequencies of
10, 100 MHz, and 1 GHz is approximately −145, −131, and
−111 dBc/Hz, respectively. Unlike AM noise measurements,
the analyzer was able to measure the close-to-the-carrier PM
of the oscillators at the -port. However, CS measurement
technique at the -port enabled shorter measurement times
and noise plots exhibited less statistical variations. Nonethe-
less, the direct and CS measurements were also compared to
validate the CS noise enhancement factors, as discussed in
Section IV-B.

A. PM-to-AM Conversion
Commonly, the AM noise in oscillators is lower than the

PM noise near the carrier frequency. This characteristic holds
true for the oscillators used in our experiment across most
offset frequencies, making AM-to-PM conversion negligible.
However, at near-carrier offsets, the PM noise surpasses the
AM noise by several orders of magnitude. Due to imper-
fect phase alignment, the dominant conversion effect that
we observed in our proposed method was PM-to-AM. This
conversion affected both the composite signal at the -port
and the carrier-suppressed signal at the -port of the hybrid.

To model the effect of these conversions in our k-PPO
conguration (k is even), we write the output of a pair of
k2-way power combiners as follows:

v1(t) = − j√
k2

k
2

i=1


A(1+ αi (t)+ jϕi (t))e jωt (4a)

v2(t) = − j√
k2

k

i= k
2+1


A(1+ αi (t)+ jϕi (t))e j(ωt+θ)


 (4b)
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To simplify, we assume all k signals have the same amplitude,
and the k2 signals in each pair have the same phase. The
signals at the - and -ports of the 180◦ hybrid are

v(t) = − j√
2
[v1(t)+ ρv2(t)] (5a)

v(t) = − j√
2
[v1(t)− ρv2(t)] (5b)

Here, ρ represents an amplitude scaling factor, and θ denotes
the phase shift between v1(t) and v2(t). Using a rst-order
Taylor expansion around θ = 0 with θ ′ representing θ ≪ 1,
for the -port, we rewrite (5a) as

v(t) = A
√
k(1+ ρ)

2


1+ α(t)+ jϕ(t)


e j


ωt+ ρθ ′

ρ+1+π


(6a)

α(t) = 2
k(1+ ρ)

×
k
2

i=1


αi (t)+ ρα k

2+i (t)+
ρθ ′

ρ + 1


ϕi (t)− ϕ k

2+i (t)


(6b)

ϕ(t) = 2
k(1+ ρ)

×
k
2

i=1


ϕi (t)+ρϕ k

2+i (t)+
ρθ ′

ρ + 1


−αi (t)+ α k

2+i (t)



(6c)

Similarly, for the -port, we can rewrite (5b) as

v(t) = A
√
k(1− ρ)

2


1+ α(t)+ jϕ(t)


e j


ωt+ ρθ ′

ρ−1+π


(7a)

α(t) = 2
k(1− ρ)

k
2

i=1


αi (t)− ρα k

2+i (t)+
ρθ ′

ρ − 1

×

ϕi (t)− ϕ k

2+i (t)


(7b)

ϕ(t) = 2
k(1− ρ)

k
2

i=1


ϕi (t)− ρϕ k

2+i (t)+
ρθ ′

ρ − 1

×

−αi (t)+ α k

2+i (t)


 (7c)

The amplitude and phase terms of the -port and -port are
represented by α , ϕ , α, and ϕ, respectively. From (6)
and (7), we can express the corresponding PSDs of the
amplitude and phase uctuations represented by Sα

, Sϕ , Sα
,

and Sϕ as

Sα
( f ) = 2


1+ ρ2



k(1+ ρ)2


Sα( f )+ 2ρ2θ ′2

(1+ ρ)2

1+ ρ2

 Sϕ( f )


(8a)

Sϕ ( f ) =
2

1+ ρ2



k(1+ ρ)2


Sϕ( f )+ 2ρ2θ ′2

(1+ ρ)2

1+ ρ2

 Sα( f )


(8b)

Sα
( f ) = 2


1+ ρ2



k(1− ρ)2


Sα( f )+ 2ρ2θ ′2

(1− ρ)2

1+ ρ2

 Sϕ( f )


(9a)

Sϕ( f ) =
2

1+ ρ2



k(1− ρ)2


Sϕ( f )+ 2ρ2θ ′2

(1− ρ)2

1+ ρ2

 Sα( f )



(9b)

In (8) and (9), Sα and Sϕ refer to the amplitude and phase
noise of a single oscillator, respectively.

In the case of imperfect phase alignment (θ ′ ̸= 0), amplitude
noise is projected to the phase quadrant, as indicated by the
second term in (8). Similarly, a mapping of phase to amplitude
also occurs. An expression for determining the angle that
generates a specic PM-to-AM or AM-to-PM conversion can
be obtained by taking the ratio between the rst and second
terms in (8). The phase alignment angles for the -port and
-port are, respectively, given by

θ ′ =


1+ ρ2

(1+ ρ)2

2βρ2
(10a)

θ ′ =


1+ ρ2

(1− ρ)2

2βρ2
 (10b)

Here, β is the ratio of the noise PSDs; it is equal to SϕSα
for PM-to-AM conversion and equal to SαSϕ for AM-to-PM.
Upon analyzing (10), it can be observed that the alignment
angle for PM-to-AM conversion becomes signicantly stricter
at the -port when compared with the -port. Next, we dis-
cuss the implications of this on the output signals of the hybrid.

1) —Port: The PPO output is available for the user at the
-port and is described by (6) and (8). For our oscillators, the
PM noise is at least 30 dB higher than the AM noise for some
carrier and offset frequencies. For example, at 100 MHz the
PM noise of our PPO conguration is ∼−100 dBc/Hz and the
AM noise is −140 dBc/Hz at 1-Hz offset frequency. Ideally,
this implies that we require 50 dB of suppression between the
PM and AM. For ρ = 094 and β = 50 dB, the equation (10a)
requires phase alignment to be ≤04◦ to minimize the effect
of PM-to-AM conversion.

2) -Port: A carrier-suppressed signal for the noise mea-
surement is present at the -port and is described by (7)
and (9). The PM-to-AM conversion is larger at this port, and
this requires tighter phase alignment for a given β relative to
the -port. For a conguration of ρ = 094 and β = 50 dB,
(10b) requires phase alignment for the carrier-suppressed
signal to be within 11 millidegrees to minimize PM-AM con-
version. This indicates that the phase alignment requirements
for the CS signals at the -port are ≈32 times more stringent
compared with that for the signals at the -port.

However, it is important to note that when oscillators are
phased-locked to a common reference signal, the phase noise
within the PLL BW is correlated, and therefore, it is also
suppressed when a CS method is used. As a result, the need
for high PM-to-AM rejection is relaxed within the loop BW.
In our 100-MHz oscillator, the noise suppression inside the
PLL BW is 15 dB, and taking this into account, the actual
maximal amount of β needed is 35 dB. This corresponds to an
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Fig. 3. PM and AM noise of 2-PPOs at 1 GHz measured using CS
method. It shows the effect of PM-to-AM due to phase misalignment
between two output signals when they are summed. AM1—phase
alignment not optimized and AM2—phase alignment optimized.

alignment angle of ≈63 millidegrees, reducing the requirement
by a factor of almost 6.

The strict phase alignment requirements during CS mea-
surements were difcult to achieve and maintain with manual
phase shifters, especially at 1 GHz. Fig. 3 illustrates the
measured PM and AM noise of the 2-PPOs at 1 GHz. The
plot displays the PM and AM curves for two different phase
alignment cases. Below a 100-Hz offset, it is apparent that PM
(green curve) noise is projected onto the AM (blue curve—
AM1) noise due to misalignment in the summed signals.
However, after proper phase alignment, this effect is reduced,
as indicated by curve AM2 in magenta.

B. Noise Enhancement Factor (η)

In the experimental setup, it is difcult to measure the
parameter ρ directly, so we can use other indirect mea-
surements to determine it. Moreover, while (8) and (9) are
instructive for analysis, they are not convenient for practical
measurement purposes. For these reasons, we dene a new
parameter η, as the ratio of the power measured at -port (P)
relative to -port (P)

η = (1+ ρ)2

(1− ρ)2
= P

P
 (11)

The signal powers P and P are readily accessible and can
accurately be measured. When the CS measurement technique
is implemented, the AM and PM noise measured at -port
also increase by the factor, η, and this effectively improves
the measurement system oor by the same amount. All the
noise measurements made at the -port must be divided by
η to recover the actual noise of the device under test as if it
were measured at the -port without CS

S-port = S-port

η
 (12)

This relationship is applicable to both AM and PM measure-
ments. Furthermore, using (10b) and (11), one can rewrite
alignment angle in terms of η as

θ ′ =
2


(η+1)
β

η − 1
 (13)

C. Phase Alignment Using Digital Armstrong Modulator
To achieve phase alignment of the individual oscillator

inputs to the power summer, we use a pure PM tone generated
through a digitally modied version of an Armstrong-type
modulator [29], [30]. This modulator is constructed using
a direct digital synthesizer (DDS) clocked by oscillator #1
(OSC1 in Fig. 1). The DDS output is congured to produce
a suppressed-carrier double-sideband (DSB-SC) modulation
with a center frequency matching oscillator #1 and a 10-kHz
modulation frequency. The DSB-SC signal is then combined
with the output of oscillator #1 using a 20-dB DC acting as
an injector. By adjusting the digital phase of the DDS carrier,
we can control the AM-to-PM balance of the Armstrong
modulator. This modulator is simpler compared with the I/Q
mixer-based Armstrong modulator [31].

We meticulously align the phase of all the summed input
oscillators by minimizing the PM-to-AM conversion of a pure
PM tone using the following technique.

1) Initially, only oscillator #1 and the DSB-SC signal from
the DDS are enabled.

2) The AM and PM components generated by the DSB-SC
signal and oscillator #1 are monitored at the output
hybrid (-port) using a noise analyzer. The carrier phase
of the DSB-SC signal is adjusted digitally on the DDS
until a pure PM tone is achieved, indicated by an AM
suppression greater than 40 dB relative to PM.

3) In addition to oscillator #1, oscillator #2 is enabled.
Any phase misalignment of oscillator #2 will result in
spurious AM in the power summed output. The phase
shift of oscillator #2 is adjusted by introducing variable
cable lengths for coarse control and using analog phase
shifter #1 (ϕ1 in Fig. 2) for ne-tuning. The phase shift
is iteratively adjusted until the amount of spurious AM
at the hybrid output is minimized.

4) The previous step is repeated four more times, indi-
vidually aligning oscillators #3, #4, #5, and #6 with
oscillator #1.

5) Finally, all the six oscillator outputs are enabled, and any
detected spurious AM tone is minimized using analog
phase shifter #2 (ϕ2 in Fig. 1).

Since the DDS is limited to an output frequency of less than
160 MHz, when working with a 1-GHz carrier, we use two
higher frequency synthesizers and a power summer to generate
the DSB-SC signal.

V. RESULTS

The SSB PM and AM noise characteristics of both a single
oscillator and 6-PPOs at three different carrier frequencies
are illustrated in Figs. 4–6, respectively. For 6-PPOs, at the
-port of the hybrid, the total power measured approxi-
mately +14, +17, and +13 dBm, and at the -port, the
CS power measured approximately equal to −32, −11, and
−18 dBm for frequencies of 10, 100 MHz, and 1 GHz,
respectively. The large variations in power levels at the -
port for different measurement congurations are due to the
use of xed value attenuators instead of variable attenuators
to match power levels at the two input ports of the hybrid.
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Fig. 4. SSB noise of single and multiple oscillators at 10 MHz. (a) PM
noise. (b) AM noise. CS–carrier suppression; and ENF—effective noise
oor.

For the six-oscillator conguration, the AM and PM noise
were obtained from a pair of triplets of oscillators. The
amplitude and phase of the pair were adjusted to produce a
carrier-suppressed signal, and nally, the measured noise was
scaled by η as described in (12) to obtain the PM and AM
noise as it would be present at the -port. This is valid because
the independent noise powers of all the six oscillators add
the same way for both - and -port signals. Similarly, for
single oscillator, the PM noise and AM noise were obtained
by measuring the CS signal at the delta-port generated from
a 2-PPOs conguration (OSC1 and OSC4). In this case, the
measured noise was scaled to that of a single oscillator by
η/2, and an assumption was made that both the oscillators
have equal noise.

The white noise oors for the 6-PPOs were estimated from
scaled (η) thermal noise limits for the suppressed carrier power
levels, and the close-to-the-carrier oors were obtained either
from scaled (η) FSWP50 specications or direct measure-
ments.

It is important to consider several factors when interpreting
the results of the PM and AM noise measurements.

For PM noise, since all the six oscillators in the array are
phase-locked to a common 10-MHz reference oscillator, the
phase noise measured with the CS technique is effectively
suppressed below the locking BW (∼6 Hz). Consequently, for
all the three carrier frequencies, the absolute phase noise below
the 10-Hz offset is measured without CS, while above the
10-Hz offset, the CS method is used. The nal reported phase
noise is a spliced plot of these two methods. The impact of
the PLL when CS is used is depicted as a light gray dotted
line in Figs. 4(a)–6(a).

Fig. 5. SSB noise of single and multiple oscillators at 100 MHz. (a) PM
noise. (b) AM noise. CS–carrier suppression; and ENF—effective noise
oor.

For AM noise, the CS method is used for all the offset
frequencies, since AM noise remains unaffected by the PLL.
The AM noise of a single and multiple congurations is
shown in Figs. 4(b)–6(b). For all the three carrier frequencies,
the close-to-the-carrier AM noise displays a slope steeper
than 1 f , indicating the presence of PM-to-AM conversion
that affects both single- and multiple-oscillator measurements.
However, a notable improvement of approximately 7.8 dB in
AM noise is observed, particularly at higher offset frequencies.
This number matches the improvement given by theory; in
fact, we expect an improvement of 10 log10(k) dB, where k is
the total number of oscillators in the array.

Maintaining phase alignment and CS greater than 30 dB
over an extended period without automatic control proves
challenging due to temperature variations. This difculty is
especially pronounced at 1 GHz when attempting to align
all the six oscillators. In our experiment, imperfect alignment
resulted in the AM of a single oscillator being lower than that
of the multiple oscillators for a 1-GHz carrier at low offset
frequencies.

Despite the challenges associated with phase alignment
and the high level of PM-to-AM conversion observed in
the AM case, the performance of phase-coherent array of
oscillators yielded icker AM noise levels of −148, −140,
and −120 dBc/Hz at a 1-Hz offset for carrier frequencies of
10, 100 MHz, and 1 GHz, respectively. In addition, white AM
noise levels below −182 dBc/Hz were achieved for all the
three carrier frequencies.

Regarding the PM case, given that the AM noise was lower
than the PM noise, the AM-to-PM conversion effect was

Authorized licensed use limited to: NIST Virtual Library (NVL). Downloaded on January 29,2024 at 17:56:56 UTC from IEEE Xplore.  Restrictions apply. 



338 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 71, NO. 2, FEBRUARY 2024

Fig. 6. SSB noise of single and multiple oscillators at 1 GHz. (a) PM
noise. (b) AM noise. CS—carrier suppression; and ENF—effective noise
oor.

negligible, and the phase alignment between different sum-
ming signals was not as critical. An improvement of
approximately 7.8 dB was observed at all the offset frequen-
cies outside the PLL BW for all the three carrier frequencies,
reaching an impressive white noise levels of −182 dBc/Hz for
10 MHz, −191 dBc/Hz for 100 MHz, and −168 dBc/Hz for
1-GHz carrier frequencies.

It is also interesting to note that the 10- and 100-MHz
oscillators used in this experiment exhibit AM noise at the
thermal signal-to-noise limit, whereas their PM noise does not.

VI. CONCLUSION

In this study, we demonstrated that summing of multiple
phase-coherent oscillators in a star conguration improves
spectral purity by an amount that matches the theoretical value
of 10 log10(k) dB. However, it is crucial to ensure proper phase
alignment of the oscillators to avoid unwanted AM-to-PM and
PM-to-AM conversions in the combined output signal.

We constructed an array of six PPOs, where each oscil-
lator could selectively produce one of the three different
frequencies and was phase-locked to a common reference.
By carefully aligning the phases, we achieved extremely low
SSB white PM noise levels of −182, −191, and −168 dBc/Hz
for 10, 100 MHz, and 1 GHz, respectively. Similarly, the
white AM noise levels were approximately −191, −194, and
−182 dBc/Hz. These noise levels, as anticipated for a cong-
uration with six oscillators, exhibited an approximate 7.8-dB
reduction compared with a single oscillator. However, due
to PM-to-AM conversion, the AM noise near the carrier did
not reach the theoretical 7.8-dB improvement. Implementing
phase-locking with adjustable offset and phase detection at

the summation point would allow for better control of the
phase alignment over environmental variations and reduce PM-
to-AM conversion. Nevertheless, at 10 MHz, the PM and
AM noise levels at high-offset frequencies outperformed our
previously reported results [32], [33]. We also observed that
the 10- and 100-MHz oscillators show AM noise at the thermal
signal-to-noise limit, whereas their PM noise does not.

Furthermore, we proposed a novel digital AM/PM modu-
lator that simplies the optimization of phase alignment and
minimizes PM-to-AM and AM-to-PM conversion in arrayed
congurations. This modulator can be readily used in ana-
log single-channel and two-channel cross-spectrum PM noise
measurements [34] to mitigate AM-to-PM conversion in the
phase detectors.
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