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Basic DDS Scheme !2

The contents n of the m-bit register  
is interpreted as a complex number
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time t = k/⌫c

quantity digital analog

state variable n ✓ = 2⇡
n

D
assoc. complex z = ej✓

modulo D = 2m 2⇡

increment N ⌘ = 2⇡
N
D

time k, 0, 1, 2, . . . t = k/⌫s

clock freq. ⌫s output freq. ⌫0 =
N
D ⌫s

LUT

DAC

D-type
register

adder

DAC

sin

cos

carry

output

control
word

clock

integer: nk = (nk�1 +N ) mod D

phase: ✓k = (✓k�1 + ⌘) mod 2⇡

N

⌫s

⌫0 =
N
D ⌫s

complex: zk = zk�1 exp(j⌘)

High resolution 
D = 248 
νs = 1 GHz 

∆ν = 3.55 µHz



High-Speed DACs Have DDSs Inside !3

NCO
AD9144 Data Sheet
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Figure 2. 
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If no internal NCO 
• Implement the NCO 

in FPGA

• The brute force of the 

JESD204B suffices

• IP NCOs available

•Minimal NCO not 

difficult to implement 
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The Beast to Kill !4
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Not a real challenge, but low enough to spend attention

Aka, the lowest noise we have seen in a DDS

AD9915



Traditional Measurement Methods !5
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• Low output power, ≈0 dBm, the mixer takes 
≈10 dBm —> amplifier


• Some commercial instruments have only one 
input (FSWP, E5052A), ref 1 and ref 2 come 
from internal synthesizers

• DACs and DDSs have higher resolution and 
clock frequency than ADCs


• At least 100 averages for 10 dB noise rejection, 
1000 for 15 dB


• How long does it take going down to ≤ 1 mHz?

Cross-spectrum and averaging —> known problems         Alternative?

Saturated mixer

Fully digital



Bridge (Interferometric) AN-PN Measurement !6

Also:

Ivanov, IEEE T UFFC 45(6) 1526-1536, Nov 1998

Rubiola, RSI 73(6) 2445-2457, Jun 2002

Rubiola & al, RSI 70(1) 220-225, Jan 1999

v(t) = V0 cos(ωt) + x sin(ωt) − y sin(ωt)
φ = x/V0 α = y/V0

Noisy signal

Synchronous detection
[vΔ 2 cos(ωT)] * hlp = x

vΔ(t) = x sin(ωt) − y sin(ωt)
Suppressed carrier

[vΔ 2 sin(ωT)] * hlp = y

Use the detected x and y to 
estimate AM and PM noise 

alternate LO path

• Suppress the carrier

• Amplify and detect the noise sidebands

• PN results from (detected noise) / carrier 
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Bridge (Interferometric) AN-PN Measurement
Benefits 
• Lowest background noise

• Amplifier NF —> white noise 

• No up-conversion of near-dc 1/ƒ 

with high carrier rejection

• Low 50-60 Hz pickup due to 

Microwave gain before detection

• The noise in the LO arm is rejected 

(amplification allowed)

• No AM noise pickup, as in the 

saturated mixer

!7

Annoying 
• Difficult alignment

• Narrow band setupAlso:


Ivanov, IEEE T UFFC 45(6) 1526-1536, Nov 1998

Rubiola, RSI 73(6) 2445-2457, Jun 2002

Rubiola & al, RSI 70(1) 220-225, Jan 1999

alternate LO path

• Suppress the carrier

• Amplify and detect the noise sidebands

• PN results from (detected noise) / carrier 
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How Amplifier’s Flicker Works !8

PMAM noise-free
amplifier

u(t) v(t)

y(t) x(t) 

input output

near-dc
noise

stopband stopbandpassband
ν0

 
Sv(f)
(output)

 
Su(f)
(input)

PS
D

up-
con

ver
sio
n

ν

 
internal
input
noise

•No carrier

•White noise only in the RF region

• Flicker in the near DC region

•No RF flicker


• RF noise sidebands result from up-
conversion


• AM and PM noise ≈ independent of 
carrier power



Bridge with a Commercial Instrument? !9

Mixer 
instrument

Saturated-mixer instruments 
•Only some give full access to the 

mixer

•Modern instruments use two channels 

and correlation

•One channel cannot be used alone


Digital instruments 
•Nope, extracting the phase requires a 

carrier



Controlled Amount of Residual Carrier !10
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Generalization, for Small η !11
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Divisione.  Usare la differenza dei vettori. 

Mettere qui l’approssimazione I → 0. 

Facciamo l’ipotesi che i rumori sono incorrelati.  Attenzione, il modo comune non si vede.  

Facile da capire con il rumore di fase, il rumore AM è più delicato. 

Passare agli spettri, 

Ipotesi che i convertitori sono nominalmente uguali, non strettamente necessaria ma è in 

sinergia con I → 0. 

DrKrLG =
1
I( D

cos((M) sin((M)
sin((M) cos((M)G D

r>( + r>(
rA( + rA(G 

 

 

Figure 1 – Interplay between signals at the output of the directional coupler.  In the actual RF 

circuit, all signals are scaled by a factor !2/√2, omitted for graphical clarity.   Dividere la 

figura in due, la parte sotto serve solo per l’analisi esatta, 

 

Table 1 – Measurement options. 

Operation PN Analyzer AN Analyzer Signal vectors 

M = 0 
AN and PN 

amplification 

rL ≃
1
I( trA( + rA*u rK ≃

1
I( (r>( + r>*) 

 

M = o/2 
AN-PN cross-
amplification 

rL ≃
1
I( (r>( + r>*) rK ≃

1
I( trA( + rA*u 
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Divisione.  Usare la differenza dei vettori. 

Mettere qui l’approssimazione I → 0. 

Facciamo l’ipotesi che i rumori sono incorrelati.  Attenzione, il modo comune non si vede.  

Facile da capire con il rumore di fase, il rumore AM è più delicato. 

Passare agli spettri, 

Ipotesi che i convertitori sono nominalmente uguali, non strettamente necessaria ma è in 

sinergia con I → 0. 

rNOs =
1
I D

cos(M) sin(M)
− sin(M) cos(M)G r

-( − -*
/( − /*s 

 

DtKtLG =
1
I( D

cos((M) sin((M)
sin((M) cos((M)G D

t>( + t>(
tA( + tA(G 

 

 

 

Figure 1 – Interplay between signals at the output of the directional coupler.  In the actual RF 

circuit, all signals are scaled by a factor !2/√2, omitted for graphical clarity.   Dividere la 

figura in due, la parte sotto serve solo per l’analisi esatta, 

 

Table 1 – Measurement options. 

Operation PN Analyzer AN Analyzer Signal vectors 

M = 0 
AN and PN 

amplification 

tL ≃
1
I( vtA( + tA*w tK ≃

1
I( (t>( + t>*) 

 

M = o/2 
AN-PN cross-
amplification 

tL ≃
1
I( (t>( + t>*) tK ≃

1
I( vtA( + tA*w 
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Bridge vs Modulation-Index Amplification !12
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20–50 dB carrier rejection
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AM detect
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synch detect

• Reference has the same frequency

• Reference phase selects AM/PM 

detection

• Arbitrary reference frequency

• Residual carrier selects AM/PM detection

• Either AM or PM detector

• Still low W & 1/ƒ noise

Adjust amplitude and phase with the DDS control word

Bridge (Interferometer) Modulation-Index Amplification
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Detectors

• Direct digitization of the RF signal

• High background noise

• Heavy correlation and averaging

• AVG only partially trusted

• Flexible, ƒin ≠ ƒref

• Laboratory (FEMTO, Holmes, Miles…) 

• Brand (Jackson Lab, Symmetricom)

!13

• Power detector & spectrum analyzer

• Simple lab implementation

• Fair background noise

• No AN —> PN pollution 

• Optional correlation and averaging

• No known commercial instrument

All-digital phase meters Simple amplitude detectors

E. Rubiola, arXiv:physics/0512082v1, Dec 2005
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PhaseStation™ 53100A Phase Noise Test Set                   DC-125 MHz 

¾ Measure Phase Noise, AM Noise and 

Frequency Stability with just a 

single click – no phase locking or 

manual calibration required 

¾ Display fractional phase- and 

frequency-difference charts, RMS 

integrated jitter, residual FM, SSB 

carrier/noise ratio, baseband noise, 

and much more 

¾ Single or Dual external reference 

capability allows cross-correlated 

auto-cancellation of reference noise 

 

PRELIMINARY SPECIFICATIONS 

 

Input and reference frequency range 

DC – 125 MHz 

Input and reference signal levels 

-5 dBm to +20 dBm, ± 1V 

Input connectors 

2x N-F for DUT and reference; 4x SMA-F for multichannel expansion 

Offset frequency range  

0.1 Hz – 1 MHz 

Residual Allan deviation (t=1s) 

1E-13 or better 

Residual Allan deviation (t=1000s) 

5E-15, 1E-15 typical 

Phase noise measurement floor (5 MHz carrier, 1 Hz offset) 

-140 dBc/Hz specified, -145 dBc/Hz typical 

Phase noise measurement floor (5 MHz carrier, 10 kHz offset) 

-170 dBc/Hz specified, -175 dBc/Hz typical 

RMS jitter measurement floor (5 MHz carrier, 0.1 Hz – 1 MHz) 

Typically less than 100 fs  

Spurious responses (5 MHz – 100 MHz) 

Less than -100 dBc (<< -120 dBc typical) 

Frequency counter display 

13 digits/second, up to 17 digits maximum precision 

Phase stability (5 MHz) 

Less than 10 ps/hour after 2 hour warmup 

Real-time update rate 

FFT segments updated continuously at 5+ FPS in 10 kHz-100 kHz range 

Options (available Q1/2019) 

Internal Battery operation, Plug-in module with ultra-low Phase Noise and 

ADEV reference oscillators, 125MHz - 3GHz down-converter 

Reference oscillator inputs 

Dual independent reference inputs, can use two different non-phase-locked 

reference oscillators, reference oscillator phase noise cancels itself out 

Instrument platform 

USB 2.0, Windows 7 or later 

Data formats 

Straightforward ASCII text files (.TIM, .TXT, .CSV) used for all data 

Warmup and Stabilization Time 

Typically <10 min at +25°C 

Power  

90-264 VAC, < 20W  

Operating Temperature 

+15°C to +35°C operating, -20°C to +50°C storage 

PhaseStation™ 53100A                                                 MADE IN USA 

Jackson Labs Technologies, Inc., 10191 Park Run Dr., Suite 100, Las Vegas, NV 89145 

Phone: (702) 233-1334, Fax: (702) 233-1073,   www.jackson-labs.com 

sales@jackson-labs.com 
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Alignment !14

(1) Full carrier suppression (2) Add a small carrier

PN
AN

⌘V0
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AN

PN
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initial
state
(null)

AM PM 
amplification

AM PM cross-
amplification

• Sub-binary search by inspection 
with a spectrum analyzer

• Start from phase

• Alternate phase and amplitude

• Real: modulation index amplification

• Imaginary —> AM-PM interchange 

and model-index ampli

• Best results with –20 to –40 dB

DAC 1
DAC 2
reference

≈FSR – 0.5 dBinitial state
(random)

DAC 2

null the 
carrier



Accuracy

• The upper bits are spent for carrier 
rejection 
• Lower bits determine the accuracy of 

the residual carrier

!15

20 dB rejection 
0.1  —> 3.33 bits

Accuracy   12–1–3.33 = 7.67 bits

                  0.5% —> 0.04 dB

Probably not needed for AN / PN

Example, ENOB = 12

40 dB rejection 
0.01 —> 6.67 bits

Accuracy  12–1–6.67 = 4.33 bits

                 5% —> 0.4 dB

Still OK for AN / PN

si
gn carrier 

rejection
gain

accuracy 

MSB LSBDAC register

Trade accuracy vs carrier 
(and 1/ƒ) rejection



The Full Scheme !16
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Background Noise

• DAC output +2 dBm

• Amplifier input –5 dBm  

(7 dB loss DAC—> amplifier)

• Thermal energy –174 dBm/Hz

• Ampli noise figure F = 2 dB

• Sφ = Sα = –167 dBrad2/Hz 

(–174+5+2)

!17
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White PM Noise Flicker PM Noise
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• Ampli flicker –130 dB at 1 Hz 
(conservative)

• Carrier rejection 30 dB

• Expected –160 dBrad2/Hz at 1 Hz

• More severe limitation from the noise 

analyzer



PN Measured with the Phase Detector !18

Phase noise measured with the phase meter (same information)

Raw data Accounting for gain



AN Measured with the Phase Detector !19

Amplitude noise measured with the phase meter (same information)

Raw data Accounting for gain



AN & PN  Measured with Power Detector !20

The dispersion of results will be fixed

AM Noise PM Noise



Comparison !21

PN
AN

• Best results with 30 dB gain

• The results with the two 

methods match perfectly

• Clock jitter contributes to the 

difference, PN > AN

Gain 30 dB

bump DAC

DAC

τ1τ2



Exact 1/ƒ PN Over 7.5 Decades !22

• PN between two outputs 
(Microsemi 5125A)


• Unfortunately, the axes were 
misaligned (θ≈60º)


• Exact 1/ƒ slope, ±1 dB over 
7.5 decades


• Insufficient averaging below 
0.7 mHz 

AD9144, two channels

7.5 decades

125 MHz out
1 GHz sampling
50 dB gain

exact 1/ƒ slope
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–110

–90

–70

–50

c–1 = 1.5x10–11



How We Solved the Angle

•Use trusted 1/ƒ levels for calibration

•Gain 50 dB

• Reasonably trusted

•Consistent lowest-noise point

!23

   May 15, 2019 
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Divisione.  Usare la differenza dei vettori. 

Mettere qui l’approssimazione I → 0. 

Facciamo l’ipotesi che i rumori sono incorrelati.  Attenzione, il modo comune non si vede.  

Facile da capire con il rumore di fase, il rumore AM è più delicato. 

Passare agli spettri, 

Ipotesi che i convertitori sono nominalmente uguali, non strettamente necessaria ma è in 

sinergia con I → 0. 

DrKrLG =
1
I( D

cos((M) sin((M)
sin((M) cos((M)G D

r>( + r>(
rA( + rA(G 

 

 

Figure 1 – Interplay between signals at the output of the directional coupler.  In the actual RF 

circuit, all signals are scaled by a factor !2/√2, omitted for graphical clarity.   Dividere la 

figura in due, la parte sotto serve solo per l’analisi esatta, 

 

Table 1 – Measurement options. 

Operation PN Analyzer AN Analyzer Signal vectors 

M = 0 
AN and PN 

amplification 

rL ≃
1
I( trA( + rA*u rK ≃

1
I( (r>( + r>*) 

 

M = o/2 
AN-PN cross-
amplification 

rL ≃
1
I( (r>( + r>*) rK ≃

1
I( trA( + rA*u 
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Figure 6 – Comparison of the results with 30 dB gain.  The AM –> AM and PM –> AM 

spectra end at 100 kHz, which is the full span of the FFT analyzer. 

 

Figure 7 shows the 1/# noise measured on the widest span.  The experiment was done in 

Besançon with a slightly different configuration, and the calibration is unfortunately less 

reliable than the other ones.  The gain is of 50 dB, but the phase of the residual carrier was 

not correctly set.  Thus, we assessed h a posteriori using the flicker coefficients of  

Fi =
1
U6
jsin6 h FG + cos6 hFjm (18) 

CC: mancava Fj 

The observed quantity is U6Fi = n12/# with n12 = 1.48 × 10122 (Figure 7), and the 

reference quantities are ℎ12 = 8 × 10126 and %12 = 3.4 × 10122 (average of the two levels 

shown), found on Figure 6.   

n2 = ℎ12(1 − cos6 h) + %12 cos6 h (19) 

cos6 h = 0.26, and finally h = 1.03 rad (59∘).  Accordingly, the observed result is  

U6Fi = j0.74	FG + 0.26 FIm (20) 

Regardless of the calibration accuracy, the value of this result is the observation of the flicker 

noise with exact 1/# slope over 7.5 decades, with a maximum discrepancy of 1 dB. 
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Conclusions
•Original method

•Simple & highly suitable to DACs

•Can be automated


•RF gain —> little/no need of correlation

•Results are consistent

•Modulation-index amplification

•AM <—> PM conversion


•Flicker observed over a wide span

•Exact 1/ƒ, <1 dB discrepancy / 7.5 decades
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