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Abstract—1In this article, we present a four-channel direct
digital synthesis (DDS) design that operates with a common clock
ranging from 500 MHz to 24 GHz and generates output frequen-
cies up to 1.75 GHz. A key feature of this board is its custom
field-programmable gate array (FPGA)-based synchronization
method, which ensures alignment accuracy of 170 ps between
the channels, enabling precise frequency and phase relationship
settings. In addition, the DDS board incorporates a user-friendly
web interface that allows for continuous control and monitoring
capabilities over TCP/IP. Multiple synchronized channels can be
power-combined to produce a low-phase noise output due to
coherent addition of the common carriers and the noncoherent
addition of the residual DDS noise. By exploiting these principles
and combining eight parallel channels of two DDS boards,
we achieve exceptional residual phase noise performance, with
£ (1 Hz) = —147 dBc¢/Hz and £ (100 kHz) = —180 dBc¢/Hz for
a 9.765625 MHz output signal. These noise levels surpass the
previously reported results achieved with regenerative frequency
dividers. We also present a method for obtaining accurate
residual noise measurements using an absolute phase modulation
(PM) noise and amplitude modulation (AM) noise analyzer.
Furthermore, we analyze the phase alignment tolerances required
to minimize the AM-to-PM and PM-to-AM conversion that com-
monly occurs in power-combined signals. Finally, we demonstrate
the synthesis of a highly stable 9.765625 MHz signal obtained
from a cavity-stabilized optical frequency comb (OFC), with an
absolute white phase noise of —180 dBc/Hz.

Index Terms— Amplitude modulation (AM) noise, direct digital
synthesis (DSS), field-programmable gate array (FPGA), fre-
quency division, phase modulation (PM) noise, time-to-digital
converter (TDC).

I. INTRODUCTION

OW-NOISE frequency synthesis, which is the generation
Lof new and different carrier frequencies from a set
of existing fixed frequency sources or clocks, is a critical
component of many applications such as telecommunica-
tion systems [1], [2], phase-locked loops (PLLs) [3], optical
frequency tracking [4], optical transfer oscillators [5], and
radar [6], [7], [8]. The three most important operations in
frequency synthesis are frequency multiplication, division,
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and translation, which must be implemented in a low-noise
fashion to not degrade the newly synthesized signals. Direct
digital synthesis (DDS), which can act as a source and
a programmable frequency divider, has gained widespread
adoption in frequency synthesis, due to advancements in
field-programmable gate array (FPGA) technology and the
availability of compact, high-performance single-chip imple-
mentations. DDS offers fast and precise control of a signal’s
frequency, amplitude, and phase, making it an ideal choice
for frequency synthesis. Although DDS may not match analog
electronics in terms of phase modulation (PM) and amplitude
modulation (AM) noise [9], and spurious responses due to
phase truncation [10], [11], its convenience and phase conti-
nuity with frequency changes make it an invaluable resource.

The state-of-the-art low-phase noise frequency division can
be accomplished using regenerative dividers [12], [13], which
can produce exceptional residual phase noise. However, these
circuits need to be designed and tuned for a specific frequency
and division factor. Frequency division with PLLs [14] offers
some flexibility in division or multiplication factors and can
exhibit good residual phase noise within the PLL bandwidth,
while outside it is mostly dominated by the phase noise of the
voltage-controlled oscillator (VCO). Improving residual phase
noise in a PLL circuit is not trivial, since the main limitation is
determined by the phase detector’s residual noise. Summing
multiple PLL outputs to reduce the residual phase noise is
also difficult to achieve since fine control of their relative
phase is needed to avoid AM-to-PM conversion, as this article
will demonstrate. If external phase shifters are used, it will
make the overall circuit bulky and difficult to tune. In contrast,
in a DDS-based frequency division, the output/input frequency
ratios are highly flexible, and the residual phase noise relies
solely on numerical quantization and the quality of the digital-
to-analog converter (DAC). In this last case, power summing
DDS outputs to further reduce their residual phase noise is,
on the other hand, easier than other types of frequency division
circuits due to the flexibility of their digital implementation.
In fact, finely tuning the different outputs’ relative phase and
amplitude is achieved with simple commands, allowing for
almost perfect summation without AM-to-PM noise conver-
sion.

In this article, we present the design and noise performance
of a four-channel DDS synthesizer board connected to a
common input frequency reference. The DDS outputs can
be used independently or summed with external power com-
biners to improve the overall phase noise performance [15].
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Furthermore, in the case of summed outputs, we discuss the
phase alignment tolerances necessary to avoid AM-to-PM and
PM-to-AM noise conversion, which are crucial for success-
fully enhancing the residual noise performance. This technique
can be used to surpass the state-of-the-art regenerative dividers
by simply adding enough DDS outputs, and at the same time
the capability of dividing the input reference signal by any
factor is retained without circuit redesign.

Section II demonstrates how power-combining multiple
DDS sources with similar noise performance improves both
phase and amplitude noise. The formulas to compute AM-to-
PM and PM-to-AM conversion due to phase misalignment and
a method for making residual measurements using an absolute
noise analyzer and the carrier suppression technique [16] are
presented in Section III. The same methods and formulas
described in Sections II and III can be reused to improve
the overall phase and amplitude noise on all types of signals,
as long as they are generated from independent sources,
and they can be added coherently. Section IV presents the
realized hardware and the techniques implemented to guar-
antee a known phase relationship between each DDS output.
Section V outlines the measurement setup, while Section VI
describes the phase alignment procedure developed to ensure
almost perfect signal addition. Finally, Section VII presents
the exceptional residual phase noise performance obtained in
our measurements.

II. NOISE REDUCTION IN ARRAY OF PARALLEL DDS

The model for a noisy sinusoidal signal in complex Euler
form is

V(1) = Vo(1 + ap(0))e/ D 4 n (). (1)

Here, V and wy represent the amplitude and angular fre-
quency, respectively. «,, (1), ¢, (¢), and n(t) are the stochastic
processes that represent multiplicative fractional amplitude
noise, multiplicative phase noise, and additive white noise,
respectively. The choice of using a complex Euler versus a
real sinusoid representation for the analytical analysis was
made solely to simplify the equations. A modification to adapt
the analysis to real signals will be presented later in the text.
Assuming that the noise variables are small relative to the
amplitude, one can simplify (1) as follows:

V(1) = Vo(1 4+ iy (t) 4+ jom (£))e’™ + n(z). (2)

For a DDS, the additive white noise is typically generated
by quantization and thermal noise, and we assume the thermal
noise to be dominant over quantization noise. To determine the
contribution of additive noise to AM and PM, we rewrite (2)
as follows:

v(t)

t . .
Vo(l + o (1) + o (1) + %e—m’)ew
0

n(t) .
VO|:1 + a, (1) + 7 cos(wot) + jom(t)

0
- j%) sin(wot)]ej“’o’. 3)
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The real and imaginary terms of (3) are represented as

_ n(t) .
©=@u) — 70 sin(wot).
“)

Here, o represents the total (multiplicative plus additive)
fractional amplitude fluctuations, and ¢ represents total phase
fluctuations. Since the power spectral densities (PSDs) of
AM and PM noise typically contain both multiplicative and
additive components, we represent the additive noise from
the carrier’s point of view, by bringing it inside the complex
exponential prior to calculating the PSD. Equation (4) shows
that the power for the additive noise # is evenly split between
AM and PM and it is true also for a real signal, even if (4)
will be different.

As shown in Appendix A, using the Wiener—Khintchine
theorem we are able to write the PSD of amplitude and phase
fluctuations as

n(t)
o = o, (1) + —— cos(wpt),
Vo

Sn
Sy = Sy —
(w) (@) + 22

S(p(w) = S(ﬂm () + ZS_‘;OZ 5
where Sy, Sy, Sa,.» Sg,., and S, represent the PSD of the
total AM noise, PM noise, multiplicative AM noise, mul-
tiplicative PM noise, and additive white noise, respectively.
The white additive noise term in (5) needs to be modified
when the complex Euler representation in (1) is substituted
with a real sinusoid. All the PSD equations shown in this
article can be modified for real sinusoidal signals v(¢) =
V2Vo(1 + (1)) cos (wot + @m (1)) + n(t) by doubling the
terms containing S, in (5), and by constraining ¢, and @,
bandwidths to <wy.

Combining multiple in-phase independent signal sources,
such as DDSs, allows for overall residual PM and AM noise
reduction. A set of k independent sources with independent
noise processes can be represented as

i (1) = Vo[ 1 4 o, (1) + jom, () ]e?™ +n; (1),
where i =1,2,..., k. (6)

All the sources are assumed to have the same amplitude Vj.
Signals with different output powers will result in a nonideal
noise reduction case. Equations in Section III address the
case of combining signals with different amplitudes for k =
2 signals. The same section also discusses the effect of phase
misalignment between the combined signals.

Using a scattering matrix, Mg, the output signal of an ideal
Wilkinson power splitter/combiner with k ports can be written
as

o1 1 -1 0 vy (1)
_; 0 - 0w 0
—11 0 0 Ol v@®) | = 0o . 7
oo oflsol-f o o
100 - 0w 0
Ms

Other power splitters/combiners can be used, and a Wilkin-
son type is presented because of its low-loss, high isolation,
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and simpler scattering matrix. Using (6) and (7), the output of
the power combiner, vy (?), can be written as

. k k
vp(t) = :/—é [Vo(k + gam,. (1) + ; O, (r))efw
k
+ Znim}. ®)
i=1

For simplicity, we assume that the noise power of the
random variables for all k signals is equal and therefore has the
same PSD. Since the correlated signal amplitude adds linearly,
and in contrast, the average power of the uncorrelated noise
variables adds, the PSD of (8) results in

Sq,, (@) Sn
Sul@) = = T e
Sg,, (@) Sy
Se(@) = =5 2%V ©

Here, we show that for AM and PM both the multiplicative
and additive noise powers are reduced by a factor k for the
combined output versus the single output.

To highlight how the result in (9) can only be obtained if the
signal sources are independent, we compare it with an array
of amplifiers [17]. In this case, a single signal is first split in a
power splitter to generate a set of k copies of the input signal.
For an ideal case, one can write

01 1 17 [ Voeieo! 0
iy 100 -0 0 v1(F)
110 0 0 = | n® (10)
100 -0 0 v (1)
My

Each v; () signal is separately amplified with k& independent
amplifiers with voltage gain G and noise figure F, given by

—J

vg, (1) = NG

[GVo(1 + g (1) + g, ())&’ |+ G Frng, (1),
(11

wherei =1,2,....k
where a,, ¢, and +/Fn, represent the flicker amplitude,
flicker phase, and thermal noise contributions of the ampli-
fiers, respectively. The same gain G and noise figure F' are
considered in all the amplifiers for simplicity. Variations in
amplifier parameters will result in a nonideal summation and
degraded phase and amplitude noise reduction. The k signal
paths are now combined in a power combiner as above in (7)
resulting in

k k
1 1 jwot —1
ve(t) = GVO(I + z El o, (1) + J% El Py (f))ej 0

G\F <
_Jwgng,m. (12)
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The corresponding phase and amplitude noise for the ampli-
fier array is

Se (@) FS,,
Selw) = =5 2VZ2
Sp (@) FS,,

Sp(w) = "’T TR (13)
0

Here, we can see that in contrast to (9), the additive thermal
noise is not reduced by the factor k for the amplifier array,
while the multiplicative amplitude and phase noise is.

In summary, for a parallel configuration of DDSs, both
flicker noise and additive thermal noise improve, whereas for
parallel amplifiers, only the flicker noise improves while the
additive noise due to the amplifier’s noise figure does not.
This difference can be explained because, even though the
uncorrelated additive thermal noise power of the individual
amplifiers combines incoherently, the signal-to-noise gain at
the output combiner is canceled by the signal-to-noise loss at
the input power splitter.

III. CARRIER SUPPRESSION AND NOISE CONVERSION

Low noise levels can be difficult to measure since mea-
surement systems need to perform better than the device
under test, or advanced techniques should be used. Since
amplitude control and 180° phase inversions can be achieved
via digital parameter adjustments in the DDS, we can easily
implement a carrier suppression technique [16] for improving
sensitivity and dynamic range of the noise measurements.
By power-combining one DDS’s output with another that is
phase-inverted, we reduce the output power of the combined
carrier which effectively increases the residual AM and PM
noise, making it easier to measure. This carrier suppression
also reduces the common-mode clock noise in the combined
signal by the same amount, effectively converting an absolute
measurement into a residual one. However, when two signals
are combined, the relative phase between them must be
carefully controlled; otherwise, AM noise in the individual
signals can convert into PM noise in the combined output and
vice versa.

To model carrier suppression, we sum two similar signals
vi(¢) and v,(¢) with a Wilkinson power combiner

vi(t) = Vo(l +a1(1) + joi(1))e’™ + ny (1)
(1) = eVo(1 + @a(t) + ja(1))e’ ) +ny (1) (14)

and the summed signal vy () is then written as

vx(r) = _—;wl + ). (15)

7

Here, €, is an amplitude scaling factor which can also be
negative to implement carrier suppression, and 6 represents
the angle deviation from perfect addition or subtraction of the
two signals. When ¢ = 1 and 6 = 0, the power-combined
summation signal is equivalent to (8) for k = 2. Carrier
suppression will occur when ¢ is between —1 and 0.

Using a first-order Taylor expansion around 8 = 0, we sim-
ply rewrite (15) as

Vo(1 +¢) ej(on-i

vs(t) = =~ S+ ax + jgs).  (16)
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Fig. 1. Block diagram of the four-channel DDS board. SoC—Zynq SoC
FPGA. LPF—low-pass filter. DDS = Analog Devices, AD9914, frequency
divider = Analog Devices, HMC862A, synch clock = Analog Devices,
LT6957-3.

The corresponding amplitude and phase terms for the
summed signal are given by
ai(t) + eax(t) Oe
_ e+1 e+1)
" O 1,1 + ma(0))
—n n
Voe + 1) :
@1(t) + ea(1) e
o1(t) + ax(t
- e o)

D 1, (1) + 24
——(n n
Voe+1) :

From (17), and assuming the pairs o 2, ¢ 2, and n; > have
the same PSD, we can write the phase and amplitude noise
spectra of the combined signal as

5 (@1(1) + ¢2(1))

¢z = a7

Suy (@) = 82—-’_125&(60) + i‘gzé‘gw(w) + L

(e+1) (e+1) Vie + 1)

Sy (@) = 82_‘“5 () + ngzga(w) + L

> (e+1)> 7 e+ D* V(e + 1)?
(18)

Equations (16)—(18) are derived in Appendix B.

In this case, Sy, Sy, and S, refer to the amplitude, phase,
and thermal noise of a single DDS, respectively, while S,
and S, refer to the phase and amplitude spectral densities of
the combined output, respectively. Note that the scaling due to
carrier suppression is not equal for additive and multiplicative
noise for small values of suppression, |¢] < 0.9. When the
input signals are not in perfect phase alignment (6 # 0),
amplitude noise is mapped to the phase quadrant and vice
versa, as shown by the middle term of (18). A similar
mapping of phase to amplitude also occurs. An expression
for determining the angle that generates a specific AM-to-PM
conversion ratio can be found by taking the ratio between the
first and second terms in (18) for both lines

2 2
o (2+1)E+1 (19)
2Be?
where 8 = S,/S, for PM-to-AM conversion or g = S,/S,
for AM-to-PM conversion.

Equations in (18) were rigorously tested and verified against

Keysight Advanced Design System simulations.

IV. HARDWARE AND SOFTWARE

The block diagram of the proposed design is presented in
Fig. 1. The input periodic square wave, pulsed or sinusoidal
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Fig. 2. Block diagram of the TDC. Regional clock buffers (BUFR) in the

same clock region are used to ensure equal delay to the carry chain line inputs.
Channel 0 is also connected to a global clock buffer (BUFG) with a ~1 ns
increased delay with respect to the BUFRs, and it is used to clock all the
registers in the delay lines at the same time. This allows to sample the signals
propagating through the carry chain lines. A 128-bit delay line is made by
combining 32 CARRY4 modules in the same FPGA logic column.

reference signal (500 MHz-24 GHz), is digitally frequency
divided by 1, 2, 4, or 8 to a maximum of 3.5 GHz using an
Analog Devices HMC862A. The divider clock signal is then
distributed to the four Analog Devices AD9914 DDSs chips
through a clock distribution network. The clock division and
distribution components’ residual phase noise can be as high
as —150 dBc/Hz for the white noise and —100 dBc/Hz for
the 1-Hz flicker noise intercept [18], [19]. If the DDS division
factor is larger than 32, the clock network’s contribution is
negligible at the output signal.

The first DDS chip (DDS 0) provides a square wave syn-
chronization signal that is distributed to all the channels using
two low-noise buffers. Using a custom FGPA-based measure-
ment and software calibration procedure, synchronization of
the DDS’s state machines and phase accumulators for all the
four channels is assured. Thus, a deterministic and well-known
phase relationship between the outputs is achieved. Finally, the
outputs are filtered with low-pass reconstruction filters.

An FPGA module featuring a Zyng-7000 [20] system on
a chip (SoC) is used to control and monitor the synthesizer.
The synchronization calibration procedure is implemented in
FPGA and software, and the alignment between the channels is
monitored by counting the SYNC_CLK front edges and their
relative phase shift using a time-to-digital converter (TDC)
implemented on the FPGA side of the SoC [21]. The block
diagram of the TDC is shown in Fig. 2. Six 128-bit carry chain
delay lines are used, two of which are used for calibration with
an internally generated 350-MHz signal. The SYNC_CLK
from DDS channel 0 (CHO) is used as a reference, which
also drives the global clock buffer that samples the delay lines.
Routing of each SYNC_CLK signal is done manually through
regional clock buffers to ensure the same delay along the four
channels from the FPGA pin to the carry chain input. All the
six carry chain delay lines are manually placed to ensure close
physical proximity to decrease ON-chip variation effects [22].

Since metastability in the sampling registers is present,
32 consecutive rising edges are measured and averaged.
An overall resolution of 17 ps is achieved by counting the
bits between transitions. A SYNC_CLK mismatch indicates a
failure in the DDS’s state machine synchronization, most likely
caused by a synchronization signal violation of setup and hold
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Fig. 3. Designed four-channel DDS PCB. (a) Red PCB daughter board is the
Microzed Zyng-7000 module, while the four AD9914 chips and the length
matched clock transmission lines are clearly visible on the right side of the
board. Each DDS output is on an SMA connector, and an optional 90° shifted
version of it is available on a secondary SMA. The input reference is provided
through the center SMA. (b) Completed assembly with the heatsink installed.

CHOJ7 ]
1 H“-way Power
4-channel | cp; o Summer
DDS CH2 /o
Board-a | cH3 S|4 7 AM/PM
- ) > Noise
CHOJ7 |
4-channel CHl:; 2-way Analyzer
DDS | cpp,fy Br— Power
Board-b | cH3., 4 Summer

Fig. 4. Measurement block diagram. A single 10-GHz reference clocks two
quad DDS boards, all the outputs are power-combined for a total of eight
channels.

time requirements. In this case, the software resets the DDSs
and tries a different combination of programmable delay lines
built into the DDS chips. With this technique, we achieved
synchronization of four AD9914 DDS chips clocked at their
maximum speed of 3.5 GHz, a feature not advertised in the
official datasheet [23], but present in the related part AD9915
[24] which can be clocked up to 2.5 GHz. The FPGA gateware
and Linux software that runs on the SoC was created using
the Koheron software development kit (SDK) [25]. A web
server and interface running on the processor side of the
SoC allow easy system control and monitoring though a local
area network (LAN). Using a browser, the user can monitor
SYNCH_CLK alignment and set DDSs words, phase, and
amplitude parameters for any single AD9914 chip.

The photographs of the four-channel DDS printed circuit
board (PCB) are shown in Fig. 3. A custom heat sink was
machined as shown in Fig. 3(b) to keep the DDS chips at
a more constant temperature, in part to the added thermal
mass, and thus decreasing the effects of temperature variations
on output stability. The input clock reference is distributed
to the DDS chips using length-matched transmission lines.
Furthermore, the SYNC_CLK signals from the DDS chips to
the FPGA are length-matched because of their importance in
monitoring system synchronization.

V. MEASUREMENT TECHNIQUE

The block diagram of the multichannel DDS evaluation
setup is shown in Fig. 4. The DDSs were clocked with
a common 10-GHz signal provided by a cavity-stabilized
250-MHz fiber-based optical frequency comb (OFC).

5501310

The input clock is divided by 4 to provide 2.5 GHz to each
DDS chip, which is further divided by 256 using the DDSs
for a total division factor of 1024. This gives a spur-free [10]
9.765625 MHz output that can be used to measure the system
phase noise performance.

The four output channels of each board are power-combined
with a four-way Wilkinson power combiner. The two combiner
outputs are then further merged with a two-way Wilkinson
power combiner. Finally, the signal is sent to an AM/PM noise
analyzer.

According to the theory described in Sections II and III,
if all the channels (k = 8) are outputting the same in-phase
signal, the final output amplitude increases by vk = +9 dB,
and the phase noise of the eight-channel parallel DDS is
expected to be 9 dB lower than a single channel [15].

For the PM and AM noise measurements, we used the
Rohde and Schwarz FSWP50 noise analyzer. To reduce the
dynamic range needed, we implemented a carrier suppression
technique [16] in conjunction with the absolute noise mea-
surement mode of the FSWP50. As shown in Section III,
by suppressing the noise of the common carrier, we effectively
measure the residual phase noise of the individual DDSs. This
method also allowed us to effectively measure the residual
noise in a single eight-channel DDS divider, rather than
needing a pair of dividers that is required for a conventional
residual divider noise measurement. The output carrier is
suppressed in a controlled way by inverting the phase to 180°
for one of the combined four-channel DDS boards.

With high levels of carrier suppression, an amplifier is
typically necessary to restore the carrier power to a minimum
level required by the measurement system. For our specific
case, we can remove most of the absolute noise features by
suppressing the +9 dBm carrier by ~28 dB [Fig. 5(a), blue
and lime color lines]. By choosing this moderate level of
carrier suppression, we can avoid the use of an additional
amplifier and its noise contributions while still meeting the
—19 dBm minimum power requirement of the FSWP50 noise
analyzer. The measurement process has the following steps.

1) Phase align all the channels as described in Section VI.

2) Flip the phase to 180° in all the channels in one of the
two DDS boards.

3) Using the DDS output registers, slightly adjust the ampli-
tude of the DDS channels to get the desired output
power (~—19 dBm to achieve the maximum measurable
suppressed signal in our case). Measure accurately the
output power Ppg in dBm.

4) Momentarily reflip the phase in one board to accu-
rately measure the system output power Pp in dBm.
The carrier suppression (Ps) can then be obtained from
Ps = Pos — Po.

5) Perform an absolute AM or PM noise measurement of
the suppressed carrier on FSWP50.

6) From (18), scale the measured multiplicative noise by
(24 1)/((e + 1)) to recover the noise of a single DDS
board.

7) From (18), scale the measured thermal noise by 2/((e +
1)?) to recover the noise of a single DDS board. Here,
the S, term of (18) has already been corrected for a real
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Fig. 5. (a) Absolute phase noise of the input reference at 10 GHz and
power-combined output of the eight-channel synthesizer at 9.765625 MHz.
The dotted gray line indicates the 10-GHz reference noise scaled to
9.765625 MHz as if divided noiselessly. The synthesizer output follows the
scaled 10-GHz noise below an offset of 30 Hz, and dominated by the residual
noise of the synthesizer at higher offsets. (b) Absolute and residual AM
measurements overlap for most offset frequencies, since DDS outputs are
independent of the reference’s AM noise.

signal as opposed to the complex Euler form used in
Sections II and III.

Since we measured the suppression as a ratio between the
additive and suppressed powers of the synthesizer, Py =
—28 dB corresponds to a ¢ = —0.92. The relationship between
Ps and ¢ is given as

1+¢
1—¢

=107,

(20)

VI. PHASE ALIGNMENT

An initial residual phase and amplitude noise measurement
of the AD9914 chip using only two DDS outputs was per-
formed. The AM noise was almost 38 dB higher than the PM
noise, as shown in Fig. 6.

This high level of AM noise requires a careful alignment of
the phase of all the channels to prevent AM-to-PM conversion
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Fig. 6. Residual phase and amplitude noise of the power-combined output
for one-, four-, and eight-channel synthesizer at 9.765625 MHz. 3 dB
improvements in both AM and PM noise are visible when the number of
channels combined is doubled. The 400-kHz spur and its harmonics are due
to a switching power supply in the system.

in the combined signal. For ¢ = —0.92 and § = 53 dB,
we can show from (19) that we need to control the phase angle,
0, between input signals to less than 0.011°. Here, the value
for B8 was chosen by adding 15 dB to the measured AM/PM
noise ratio of a single DDS to minimize the bias from DDS
AM noise. At the generated frequency of 9.765625 MHz, this
phase shift translates to a tolerance of about ~0.5 mm for
PCB trace length and cables. This tight constraint made us
develop the following alignment procedure to ensure negligible
AM noise leakage to PM when adding two or more channels
together.

1) Connect power combiners and torque all the connectors.

2) Turn on the system, feed the reference signal, and let it
warm up.

3) Perform a synchronization calibration procedure on all
the DDS boards and set the output frequency.

4) Turn off all the channels y using the amplitude register
and/or the OSK feature in the DDS chips.

5) For each DDS board:

a) Turn on channel O to full power and off all other
channels.

b) Turn on channel 1, add a phase shift of .

c) Using a spectrum analyzer or power meter, get the
smallest amplitude possible by tuning the phase and
amplitude registers.

d) Add m to channel 1 and set full amplitude.

e) Repeat 5a, 5b, 5c, and 5d for channels 2 and 3.

6) Phase align different boards using a similar procedure
described in 4 and 5 using channel 0 s. Note that when
the system is turned on, the boards have a random phase
relation to each other. Use board a as a reference and
adjust channel 0 of board b. Once channel O of board b
is aligned to channel O of board a, add the phase shift
found to all other channels of board b.

7) Repeat step 6 for each DDS board.

8) Turn on all the channels to full power.
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Fig. 7. Residual phase and amplitude noise of the power-combined output
for the one-channel synthesizer at 9.765625, 39.0625, and 97.65625 MHz.
PM noise scales as 20log(N) as expected, while the AM noise stays constant.

The procedure described ensures close-to-perfect phase
alignment between all the channels, and it is feasible due to
the 16-bit phase register in the DDS chips, which enables up
to about 0.005° of angle resolution.

Furthermore, due to the high level of AM in the DDSs, there
may be additional AM-to-PM conversion in the measurement
system (FSWP50) that we did not compensate for in this
measurement.

The measurement and phase alignment procedures
described above have been created and tuned specifically for
the system presented. However, they can be generalized to
other systems as long as fine amplitude and phase control and
180° phase inversion are features available for each output
source.

VII. MEASUREMENT RESULTS

The residual phase and amplitude noise at 9.765625 MHz
is depicted in Fig. 6 for one, four, and eight combined outputs.
It shows that the flicker noise and white noise scale by 3 dB
every time the combined outputs are doubled. A residual white
phase noise level of —180 dBc/Hz is achieved with an array
of eight parallel DDSs. For the array of DDSs, the flicker
noise and white AM noise also decrease following the same
behavior of —101log;,(k), where k is the number of combined
outputs.

Fig. 5(a) shows the absolute phase noise of the 10-GHz
reference signal (solid gray curve), its phase noise as if
noiselessly frequency divided to 9.765625 MHz (dotted gray
curve), and the eight-channel DDS output at 9.765625 MHz
(solid lime curve). The residual phase noise (in solid blue) of
the array DDS is also shown for comparison. The close-to-
the-carrier phase noise demonstrates an ideal division (dotted
gray curve) of the input reference, and above ~30 Hz offset
the synthesizer starts to be dominated by the residual noise
of the DDSs and eventually reaches an absolute noise of
—180 dBc/Hz. On the other hand, most AM noise from the
reference does not transfer to the outputs [Fig. 5(b)] since the
signal is regenerated digitally through the DDS output drivers.
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Fig. 8. Residual Allan deviation of a pair of four-channel DDS measured

at 9.765625 MHz. For a single four-channel DDS, the Allan deviation is a
factor of +/2 less.

For this reason, the DDS absolute AM noise does not follow
the 10-GHz reference AM noise.

Moreover, the ideal division behavior has been verified by
measuring the residual phase and amplitude noise at different
frequencies for 1 DDS output in Fig. 7. While the AM noise
does not scale, the flicker phase noise is scaled according
to theory by —20log;,(N), where N is the division factor
between two frequencies.

Finally, Fig. 8 shows the residual Allan deviation for a pair
of four-channel DDS boards. The system reaches a stability of
5x 107 at1s,and 2 x 1077 at 10000 s of averaging time.
The frequency stability was measured at 9.765625 MHz using
the Microchip 5125A time-domain analyzer. The measurement
configuration was similar as shown in Fig. 4, and the two
signals for the measurement system were taken from the output
of the two four-way power combiner.

VIII. CONCLUSION

A compact, general-purpose, four-channel DDS board is
presented. We achieved single sideband residual phase noise of
Z(1 Hz) = —147 dBc/Hz and £ (100 kHz) = —180 dBc/Hz
at 9.765625 MHz by combining the outputs of eight synchro-
nized DDSs. These phase noise levels are either comparable
or lower than our previously reported result [13]. The residual
noise measurements were performed with an absolute noise
analyzer (Rohde and Schwarz FSWP50) in conjunction with
carrier suppression and a low-noise 10-GHz clock signal.
This clock was generated from a cavity-stabilized OFC that
allowed us to synthesize an ultralow-noise 9.765625-MHz
signal with an absolute white phase noise of —180 dBc/Hz.
However, the absolute phase noise at the 1-Hz frequency
offset was limited by the frequency comb noise and did not
reach the —147 dBc/Hz residual noise level of the synthesizer.
Analysis of AM and PM noise improvements due to an array
of parallel DDSs is provided. In addition, an expression for
phase-alignment tolerance to prevent AM-to-PM conversion
during power-combining of signals has been derived and
discussed.
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APPENDIX A
SUM OF NOISE PROCESSES

The noise processes o, (t), ¢, (t), and n(¢) are summed as
follows:

n(t) n) .
o = ay(t) + ——cos(wot), @ = @y(t) — —— sin(wot).
Vo Vo
21

According to the Wiener—Khintchine theorem for wide-sense-
stationary random process, the one-sided dual power spectral
density (PSD) is computed as

Se(@) = 2F{ree(T)},  Sy(w) = zf{rzpw(f)}

where the operator F represents the Fourier transform, and
raa(7) = Ela*(Da(r — )] and 1y (1) = E[p* ()¢t — 7)] are
the autocorrelation functions.

Equation (21) can be rewritten as

(22)

n(t) . n(t) _;
1) = mt Jwot Jwot
a(t) a()+2V0e +2V0e
n(t) . n(t) _;
1) = @u(t) — Jent Jent 23
@(t) = @m(t) 2jvoe +2jvoe (23)
and the autocorrelation function r,,(t) can be found
Taa(T)
0

= Elay ()t — 0]+ E| ap (t)n(tz; £ ef‘“°<"”]
0

] 0
B e (1) 2= Dot
Vo
- 0
(1) oy
T R L ()
+E'@e,m,n(r — ) joott—)
| 2Vo 2V,
B[ D ot M D) o)
|2V, 2V,
_ 0
1 .
+E| M w7y
s = 0
+E mejwofn(t - T)ejwo(l—f)
| 2V, 2V,
LB ™D e MU= D) o)
L 2Vo 2Vy

= Elom (ot (t — )] + %E[n(t)n(r —1)e/7]
2V
0

1
+ —E[n(@)n e/, (24)

2V,
Because «,,(t) and n(t) are real and uncorrelated functions,
terms where they are multiplied have zero expectation. The
reason why E[n(t)n(t — 1)e/*?~9] = 0 is less intuitive, but
it can be deducted from E[n(#)n(t — )] = 8(t) due to the
nature of white noise. In fact, §(t) = 1 only for r = 0, and
we have n(t)n(t — 0)e/2*" that has no expected value since
n?(t) is being rotated over time and its energy spread evenly
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between positive and negative sides. Moreover, since n(z) is
defined as white noise, we have that E[n(f)n(t — 7)e/*?] =
E[n(t)n(t — 7)], and its PSD will be constant in the entire
spectrum.

Using a process similar to the one shown in (24), we also
calculate 74, (7)

1
Faa(T) = Elam (Do (t — 1)) + WE[H(I)HU —1)]
0
1
Top(T) = Elgn®)@n(t — 1)1 + Z—VZE[n(t)n(t -0] (25
0
and they both convert to

Sa(w) = 2F{Elam (D)otm (1 — )]} + %Zf{E[n(t)n(f - 0l}

V¢
1
Sy (@) = 2F{Elgn ()gn(t — 7)1} + WZf{lE[n(t)n(t -1}
0
(26)
Sa(@) = S, () + 7
A\
Sp(@) = S, (©) + —= (27)

2§
Note that «(r) lies on the real axis, while ¢(¢) is on the
imaginary, and according to the math shown in this appendix,
their PSD stays orthogonal since autocorrelation functions
have no imaginary part.

APPENDIX B
AM AND PM NOISE PROPAGATION IN
POWER-COMBINED DDSs

The two signals v;(#) and v,(¢) are considered

vi(t) = Vo(l +ay(t) + jer1(1)e! +ny(t)
va(t) = eVo(1 + (1) + jpa())e’ ™ 4 ny(r)  (28)

where 6 ~ 0 and o 5, @12, and n;, represent, respectively,
multiplicative amplitude, multiplicative phase, and thermal
noise contributions.

First, we divide the thermal noise contribution into its
orthogonal components as performed in Section II

ny(t)

vi(t) = V0|:1 4+ o) + cos(wot) + joi(t)

t 4
—jnl( ) sin(wot)i|ef‘”“’

na(t)

n() = 8%[1 + (1) + cos(wot + 0) + jea(t)

8V0

t ,
— j";‘(/o) sin(wot + 9)}1@0”9). (29)

The summed signal vs(#) using a Wilkinson power com-
biner is defined as

v (t) = _—;(vl + 1)) (30)

7

and the expected final phasor can be easily found by removing
all the noise contributions from (29)

=iV

V2

E[vs] = (1 —i—eeje)ej‘“"[. 31
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Using a first-order Taylor expansion, we can replace e/%
with 1 + j6, and covert the resulting complex number into

polar form
Efvy] = L0 (,/(1 +e)l+ 92)e-fw0’+§f1 (32)
V2
Since 6 ~ 0 is assumed, (32) can be simplified to
Vo1 +¢) x
E[v ] SO v j(wot+ 12 (33)
v
The final result will have the form
Vo(l ; e

vp(n) = LA iowsiti-n) 4 T oy T G

V2iV2

where ap and ¢g are, respectively, the resulting AM and PM
noise added to the expected phasor.

Now we can project all the four noise contributions for
both v; and v, to the expected phasor E[v; + v2] = Vy(e +
1)el(@i+e0/+D) [Fig. 9]. Note that the angle between the
phasors E[v; + v,] and vy is (e6)/(e¢ + 1), while the angle
between E[v; + v2] and v, is instead 0 — (¢0)/(e + 1) =
0/ +1).

(1) cos —2— + gy () sin —2
o
! er1 4 e+ 1

ny (1)

. et
agly, = Voe! (0+ED [ 4 cos(wot) cos

ni(t)

sin(wyt) sin

e+1
(35)

% %
t + t)si
50{2()00584_1 sgoz()51n8+1

t
n2(t) cos(wot + ) cos

agly, = Voe! (050 | Ve )

0
sin(wot + 6) sin
v in(wo ) P

(36)

el o) el
cos
1 o1 e+

. 0 e
¢E|y, = Voej(w°l+:?) + cos(wpt) sin
3

. &
Sin 1) cos
y, Sin(wot) cos =

(37

ea (1) sin
£

na(t)
+ Vi

]
t
T + epa( )cos€+

V g/(w‘)hLH—l

cos(wpt + 0) sin
VE|v, (wot + 6) P

1)
i t+6
sin(wpt + 0) cos P

(38)

With the assumption, & ~ 0 (35)—(38) can be simplified.
In fact, we see that cos ((¢0)/(e + 1)) = 1, cos(8/(¢ + 1)) ~
1, sin((ef)/(e+ 1)) = (e0)/(e + 1), sin(@/(e¢+1)) =
0/e + 1, cos(wot +0) = cos(wpt) and sin(wot +6) ~ sin(wpt).

From an energy point of view, the following
quantities dominate over others that will be neglected:
(n1(t)/ Vo) cos(wot))> > (n1(1)/ Vo) sin(wot)(e0) /(e + 1))%,
(n2(1)/ Vo) cos(wot))? > (na(t)/ Vo) sin(wot)8/(e + 1))2,
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Fig. 9. Graphical representation of the noise conversion process.

(n1(1)/ Vo) sin(wor))* > (n1(1)/ Vo) cos(wot)(6) /(e + 1))?
and (n2(1)/ Vo) sin(wot))? > (na2(t)/ Vo) cos(wot)/ (e + 1))7.
Therefore, we get

ag = ogly, + agly,

0
w1 (t) + e02(t) + —— (@1 (1) + 92(1))
g+1

cos(wot)
+ —
Vo (n

V e](w01+e+1

%

(t) + na(1))
YE = (p]E|v1 +(p]E|vg

0
01(1) + £02(1) + —— (a1 () + 02 (1))
e+1 .

R

Voe! (wot+25)

— S0 1) 4 a0
(39)
When (34) is rearranged in the form
vs (1) = M;_E) 253 (1t oz + jos)  (40)
we get instead
aq(t) + eax(t) Oe
o — A0+ e
X = cos(wot) 1)+ ma(0)
Vole + 1) O H
Oe
@1 (t)g—:_elgoz(t) i (@1 (1) + (1))
¢z = sin(@r) t @1
T Vet D) 1)(Vll( ) +na(1))

Finally, we assume the pairs «) 2, @12, and n; , having the
same PSD, and we compute ay and ¢y PSD as in Appendix A

S@ = - s+ 2w+
. Ere e+ Vi(e + 1)’
Sy (@) = 82—+ls () + iS (@) + ———.
(e+1)>"7 (e+1* " V2(e + 1)
(42)
ACKNOWLEDGMENT
The authors thank Vladislav P. Gerginov and

Jeffrey A. Sherman for their useful comments on this

article.

DISCLAIMER

Contribution of the U.S. government, not subject to copy-
right. Commercial products are mentioned in this document
for technical and scientific information and do not constitute
an endorsement by NIST.

Authorized licensed use limited to: NIST Virtual Library (NVL). Downloaded on January 29,2024 at 17:45:34 UTC from IEEE Xplore. Restrictions apply.



5501310

[1]

[2]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

(16]

[17]

(18]

[19]

[20]

[21]

[22]

REFERENCES

K. A. A. Kumar, “FPGA implementation of QAM modems using PR for
reconfigurable wireless radios,” in Proc. Annu. Int. Conf. Emerg. Res.
Areas Int. Conf. Microelectron., Commun. Renew. Energy, Jun. 2013,
pp. 1-6.

Z. Yuxi and W. Jun, “A miniaturized FSK IF signal transceiver module,”
in Proc. Int. Conf. Comput. Appl. Syst. Model. (ICCASM), vol. 1,
Oct. 2010, pp. V1-206-V1-211.

L. YongKe, “The design of wide BW frequency synthesizer based on
the DDS&PLL hybrid method,” in Proc. 9th Int. Conf. Electron. Meas.
Instrum., Aug. 2009, pp. 2-689.

C. E. Calosso et al., “Tracking DDS for coherent optical links,” in
Proc. Joint Eur. Freq. Time Forum Int. Freq. Control Symp. (EFTF/IFC),
Jul. 2013, pp. 885-888.

N. V. Nardelli et al., “10 GHz generation with ultra-low phase noise via
the transfer oscillator technique,” APL Photon., vol. 7, no. 2, Feb. 2022,
Art. no. 026105, doi: 10.1063/5.0073843.

G. Rubio-Cidre, A. Badolato, L. Ubeda—Medina, J. Grajal, B. Mencia-
Oliva, and B.-P. Dorta-Naranjo, “DDS-based signal-generation architec-
ture comparison for an imaging radar at 300 GHz,” IEEE Trans. Instrum.
Meas., vol. 64, no. 11, pp. 3085-3098, Nov. 2015.

C. Wagner, A. Stelzer, and H. Jager, “A 77-GHz radar transmitter with
parallelised noise shaping DDS,” in Proc. Eur. Radar Conf., Sep. 2006,
pp. 335-338.

B. Mohring, C. Moroder, U. Siart, and T. Eibert, “Broadband, fast, and
linear chirp generation based on DDS for FMCW radar applications,”
in Proc. IEEE Radar Conf. (RadarConf), Apr. 2019, pp. 1-4.

C. E. Calosso, Y. Gruson, and E. Rubiola, “Phase noise and amplitude
noise in DDS,” in Proc. IEEE Int. Freq. Control Symp., May 2012,
pp. 1-6.

V. F. Kroupa, V. Cizek, J. Stursa, and H. Svandova, “Spurious signals
in direct digital frequency synthesizers due to the phase truncation,”
IEEE Trans. Ultrason., Ferroelectr, Freq. Control, vol. 47, no. 5,
pp. 1166-1172, Sep. 2000.

J. Vankka, “Spur reduction techniques in sine output direct digital syn-
thesis,” in Proc. IEEE Int. Freq. Control Symp., Jun. 1996, pp. 951-959.
E. Rubiola, M. Olivier, and J. Groslambert, “Phase noise in the regen-
erative frequency dividers,” IEEE Trans. Instrum. Meas., vol. 41, no. 3,
pp. 353-360, Jun. 1992.

A. Hati et al., “State-of-the-art RF signal generation from optical
frequency division,” IEEE Trans. Ultrason., Ferroelectr., Freq. Control,
vol. 60, no. 9, pp. 1796-1803, Sep. 2013.

A. Pluteshko, “Low phase noise frequency division using PLL,” in Proc.
Joint Conf. IEEE Int. Freq. Control Symp. Int. Symp. Appl. Ferroelectr.
(IFCS-ISAF), Jul. 2020, pp. 1-4.

T. M. Comberiate, J. P. V. Hof, L. B. Ruppalt, K. C. Lauritzen, and
S. H. Talisa, “Phase noise model for an array of combined sources using
direct digital synthesis (DDS),” in Proc. 40th Annu. Precise Time Time
Interval Syst. Appl. Meeting, Reston, 2008, pp. 301-314.

C. E. Calosso, A. C. Cardenas Olaya, and E. Rubiola, “Phase-noise
and amplitude-noise measurement of DACs and DDSs,” in Proc. Joint
Conf. IEEE Int. Freq. Control Symp. Eur. Freq. Time Forum (EFTF/IFC),
Apr. 2019, pp. 1-2.

E. Rubiola and R. Boudot, “Phase noise in RF and microwave ampli-
fiers,” in Proc. IEEE Int. Freq. Control Symp., Jun. 2010, pp. 109-111.
Analog Devices. (2019). 0.1 GHz to 24 GHz, Low Noise, Pro-
grammable Divider. [Online]. Available: https://www.analog.com/
media/en/technical-documentation/data-sheets/hmc862a.pdf

Analog Devices. (2017). Six LVPECL Outputs, SiGe Clock Fanout
Buffer. [Online]. Available: https://www.analog.com/media/en/technical-
documentation/data-sheets/ ADCLK946.pdf
Xilinx. Zyng-7000 SoC. [Online]. Available:
com/products/silicon-devices/soc/zyng-7000.html
C. Favi and E. Charbon, “A 17ps time-to-digital converter implemented
in 65nm FPGA technology,” in Proc. ACM/SIGDA Int. Symp. Field
Program. Gate Arrays, Feb. 2009, pp. 113-120.

S. K. Kishore, T. R. Patnala, A. S. Tigadi, and A. Jamshed, “An on-chip
analysis of the VLSI designs under process variations,” in Proc. Int.
Conf. Smart Electron. Commun. (ICOSEC), Sep. 2020, pp. 1273-1277.

https://www.xilinx.

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 73, 2024

[23] Analog Devices. (2022). 3.5 GSPS Direct Digital Synthesizer With 12-Bit
DAC. [Online]. Available: https://www.analog.com/media/en/technical-
documentation/data-sheets/AD9914.pdf

Analog Devices. (2022). 2.5 GSPS Direct Digital Synthesizer With 12-Bit
DAC. [Online]. Available: https://www.analog.com/media/en/technical-
documentation/data-sheets/AD9915.pdf

Koheron. Software Development Kit. [Online]. Available: https://github.
com/Koheron/koheron-sdk

[24]

(25]

Marco Pomponio received the M.Sc. degree in
electronic engineering from the Polytechnic of Turin
in collaboration with the Italian National Metrol-
ogy Institute (INRIM), Turin, Italy, in 2017. He is
currently pursuing the Ph.D. degree with the Col-
orado University of Boulder in collaboration with
the National Institute of Standards and Technology
(NIST), Boulder, CO, USA. In 2018, he presented
his M.Sc. thesis work at the European Frequency
and Time Forum (EFTF) where he won the student
poster competition, and he won the same competi-
tion again in 2021.

He is an Electronics Engineer with the Colorado University of Boulder in
collaboration with the NIST. He has been working as a Research Assistant at
the NIST, since 2018. His research interests include high-performance digital
control loops, field-programmable gate arrays (FPGAs), signal processing,
low-noise electronics, and phase and amplitude noise metrology.

Archita Hati (Member, IEEE) is an Electronics
Engineer with the Time and Frequency Division,
National Institute of Standards and Technology,
Boulder, CO, USA, where she is the Calibration
Service Leader of the Phase Noise Metrology Group.
She is also an Associate Editor of IEEE TRANS-
ACTIONS ON ULTRASONICS, FERROELECTRICS,
AND FREQUENCY CONTROL, since 2021. Her
research interests include phase noise metrology,
ultralow-noise frequency synthesis, development of
low-noise microwave and opto-electronic oscillators,
and vibration analysis.

Dr. Hati was a recipient of the Allen V. Astin Measurement Science
Award “For developing a world-leading program of phase noise research and
measurement services to support industry and national priorities,” in 2015.

Craig Nelson (Member, IEEE) is an Electrical
Engineer and Leader of the Phase Noise Metrol-
ogy Group at the National Institute of Standards
and Technology (NIST), Boulder, CO, USA. His
involvement in this group spans over three decades,
and research interests are phase and amplitude noise
metrology, low-noise electronics, FPGA-based digi-
tal control, and instrument control. He has authored
more than 70 papers and teaches classes, tutorials,
and workshops at NIST, the IEEE Frequency Control
Symposium, and several sponsoring agencies on the
practical aspects of high-resolution phase noise metrology.

Mr. Nelson was a recipient of the NIST Bronze Medal in 2012, the
Allen V. Astin Measurement Science Award “For developing a world-leading
program of phase noise research and measurement services to support industry
and national priorities” in 2015, and the IEEE Cady Award “For leadership in
the design and development of state-of-the-art low noise oscillators and phase
noise measurement system” in 2020.

Authorized licensed use limited to: NIST Virtual Library (NVL). Downloaded on January 29,2024 at 17:45:34 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1063/5.0073843

