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Basic DDS scheme
2

The contents n of the m-bit register 
is interpreted as a complex number

<{z}

={z}
<
{z

}
=
{z

}
z plane zk

zk�1

✓k�1

✓k

k

k

time t = k/⌫c

quantity digital analog

state variable n ✓ = 2⇡
n

D
assoc. complex z = ej✓

modulo D = 2

m
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⌘)



AD9912, a popular fast DDS
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48 bit accumulator, 14 bit DAC, 1 GHz clock
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Figure 40. DDS Block Diagram 

 

The input to the DDS is a 48-bit FTW that provides the accu-
mulator with a seed value. On each cycle of fS, the accumulator 
adds the value of the FTW to the running total of its output.  
For example, given an FTW = 5, the accumulator counts by 5s, 
incrementing on each fS cycle. Over time, the accumulator 
reaches the upper end of its capacity (248 in this case), at which 
point, it rolls over, retaining the excess. The average rate at which 
the accumulator rolls over establishes the frequency of the 
output sinusoid. The next equation defines the average rollover 
rate of the accumulator and establishes the output frequency 
(fDDS) of the DDS. 
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Solving this equation for FTW yields 
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For example, given that fS = 1 GHz and fDDS = 19.44 MHz, then 
FTW = 5,471,873,547,255 (0x04FA05143BF7). 

The relative phase of the sinusoid can be controlled numerically, 
as well. This is accomplished using the phase offset function of 
the DDS (a programmable 16-bit value (Δphase); see the I/O 
Register Map section). The resulting phase offset, ΔΦ (radians), 
is given by 
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DAC OUTPUT 
The output of the digital core of the DDS is a time series of 
numbers representing a sinusoidal waveform. This series is 
translated to an analog signal by means of a digital-to-analog 
converter (DAC). 

The DAC outputs its signal to two pins driven by a balanced 
current source architecture (see the DAC output diagram in  
Figure 41). The peak output current derives from a combination 
of two factors. The first is a reference current (IDAC_REF) established 
at the DAC_RSET pin and the second is a scale factor pro-
grammed into the I/O register map. 

The value of IDAC_REF is set by connecting a resistor (RDAC_REF) 
between the DAC_RSET pin and ground. The DAC_RSET pin 

is internally connected to a virtual voltage reference of 1.2 V 
nominal, so the reference current can be calculated by 
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Note that the recommended value of IDAC_REF is 120 μA, which 
leads to a recommended value for RDAC_REF of 10 kΩ. 

The scale factor consists of a 10-bit binary number (FSC) 
programmed into the DAC Full-Scale Current register in the 
I/O register map. The full-scale DAC output current (IDAC_FS) is 
given by 
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Using the recommended value of RDAC_REF, the full-scale DAC 
output current can be set with 10-bit granularity over a range of 
approximately 8.6 mA to 31.7 mA. 20 mA is the default value. 
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Figure 41. DAC Output 

RECONSTRUCTION FILTER 
The origin of the output clock signal produced by the AD9912 
is the combined DDS and DAC. The DAC output signal appears 
as a sinusoid sampled at fS. The frequency of the sinusoid is 
determined by the frequency tuning word (FTW) that appears 
at the input to the DDS. The DAC output is typically passed 
through an external reconstruction filter that serves to remove 
the artifacts of the sampling process and other spurs outside the 
filter bandwidth. If desired, the signal can then be brought back 
on-chip to be converted to a square wave that is routed 
internally to the output clock driver or the 2× DLL multiplier. 

AD9912 data sheet, Fig. 40
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SYSCLK PLL Multiplier 

When the SYSCLK PLL multiplier path is employed, the 
frequency applied to the SYSCLK input pins must be limited so 
as not to exceed the maximum input frequency of the SYSCLK 
PLL phase detector. A block diagram of the SYSCLK generator 
appears in Figure 45.  
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Figure 45. Block Diagram of the SYSCLK PLL 

The SYSCLK PLL multiplier has a 1 GHz VCO at its core. A 
phase/frequency detector (PFD) and charge pump provide the 
steering signal to the VCO in typical PLL fashion. The PFD 
operates on the falling edge transitions of the input signal, which 
means that the loop locks on the negative edges of the reference 
signal. The charge pump gain is controlled via the I/O register 
map by selecting one of three possible constant current sources 
ranging from 125 μA to 375 μA in 125 μA steps. The center 
frequency of the VCO is also adjustable via the I/O register map 
and provides high/low gain selection. The feedback path from 
VCO to PFD consists of a fixed divide-by-2 prescaler followed 
by a programmable divide-by-N block, where 2 ≤ N ≤ 33. This 
limits the overall divider range to any even integer from 4 to 66, 
inclusive. The value of N is programmed via the I/O register map 
via a 5-bit word that spans a range of 0 to 31, but the internal 
logic automatically adds a bias of 2 to the value entered, extending 
the range to 33. Care should be taken when choosing these 
values so as not to exceed the maximum input frequency of the 
SYSCLK PLL phase detector or SYSCLK PLL doubler. These 
values can be found in the AC Specifications section. 

External Loop Filter (SYSCLK PLL) 

The loop bandwidth of the SYSCLK PLL multiplier can be 
adjusted by means of three external components as shown in 
Figure 46. The nominal gain of the VCO is 800 MHz/V. The 
recommended component values (shown in Table 5) establish a 
loop bandwidth of approximately 1.6 MHz with the charge 
pump current set to 250 μA. The default case is N = 40 and 
assumes a 25 MHz SYSCLK input frequency and generates an 
internal DAC sampling frequency (fS) of 1 GHz.  
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Figure 46. External Loop Filter for SYSCLK PLL 

Table 5. Recommended Loop Filter Values for a Nominal  
1.5 MHz SYSCLK PLL Loop Bandwidth  
Multiplier R1  Series C1 Shunt C2 
<8 390 Ω 1 nF 82 pF 
10 470 Ω  820 pF 56 pF 
20 1 kΩ 390 pF 27 pF 
40 (default) 2.2 kΩ 180 pF 10 pF 
60 2.7 kΩ 120 pF 5 pF 

Detail of SYSCLK Differential Inputs 

A diagram of the SYSCLK input pins is provided in Figure 47. 
Included are details of the internal components used to bias the 
input circuitry. These components have a direct effect on the 
static levels at the SYSCLK input pins. This information is 
intended to aid in determining how best to interface to the 
device for a given application. 
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Figure 47. Differential SYSCLK Inputs 

AD9912 data sheet, Fig. 45
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AD9854, a popular DDS
4

 

CMOS 300 MSPS Quadrature
Complete DDS

  AD9854
 

 

Rev. D 
Information furnished by Analog Devices is believed to be accurate and reliable. However, no 
responsibility is assumed by Analog Devices for its use, nor for any infringements of patents or other 
rights of third parties that may result from its use. Specifications subject to change without notice. No 
license is granted by implication or otherwise under any patent or patent rights of Analog Devices. 
Trademarks and registered trademarks are the property of their respective owners. 

  
 
One Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A.
Tel: 781.329.4700 www.analog.com 
Fax: 781.461.3113 ©2006 Analog Devices, Inc. All rights reserved. 

FEATURES 
300 MHz internal clock rate 
FSK, BPSK, PSK, chirp, AM operation 
Dual integrated 12-bit digital-to-analog converters (DACs) 
Ultrahigh speed comparator, 3 ps rms jitter 
Excellent dynamic performance 

80 dB SFDR at 100 MHz (±1 MHz) AOUT

4× to 20× programmable reference clock multiplier 
Dual 48-bit programmable frequency registers 
Dual 14-bit programmable phase offset registers 
12-bit programmable amplitude modulation and  

shaped on/off keying function 
Single-pin FSK and BPSK data interfaces 
PSK capability via input/output interface 
Linear or nonlinear FM chirp functions with single-pin 

frequency hold function 
Frequency-ramped FSK 
<25 ps rms total jitter in clock generator mode 
 

Automatic bidirectional frequency sweeping 
SIN(x)/x correction 
Simplified control interfaces 

10 MHz serial 2- or 3-wire SPI® compatible  
100 MHz parallel 8-bit programming 

3.3 V single supply 
Multiple power-down functions 
Single-ended or differential input reference clock 
Small 80-lead LQFP  

APPLICATIONS 
Agile, quadrature LO frequency synthesis 
Programmable clock generators 
FM chirp source for radar and scanning systems 
Test and measurement equipment 
Commercial and amateur RF exciters 
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Figure 1. AD9854 data sheet, Fig. 1

in-phase
DAC

quadrature 
DAC

amplitude
controlN

look-up
table

D-type
register

clock
multiplier

modulation
FM / PM / AM

digital interface

clock in
≤ 300 MHz

D = 248

48 bit accumulator, 300 MHz clock, 
12 bit DAC, I-Q output, AM/PM/FM capability



•Simple gearbox model
•Quantization noise
•Sampling theorem
•Spurs
•[PLL clock multiplier]

Theory
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The noise-free synthesizer
6

• The noise-free synthesizer propagates the jitter x (phase time)
• So, it scales the phase φ as N/D, 
• and the phase spectrum Sφ as (N/D)2

• Notice the absence of sampling
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The Egan model

For N/D <<1, the scaled-down noise hits the output-stage limit
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W.F. Egan, Modeling phase noise in frequency dividers, TUFFC 37(4), July 1990

for phase noise in frequency dividers



Quantization noise
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Wiener–Khintchine theorem: in ergodic 
systems, interchange time / ensemble

The noise can be calculated with statistics

Parseval theorem: Energy (power) calculated 
in time and in frequency is the same

Analog-to-digital conversion introduces a 
quantization error x  [–VLSB/2 ≤ x ≤ +VLSB/2]

1/12 –> –10.8 dB
22n –> 6 dB/bit
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W. R. Bennett, Spectra of quantized signals, Bell System Tech J. 27(4), July 1948 



Quantization and PM noise
9

The white PM noise is
Example:
14 bit, 1 GHz –> –173 dB
14 bit , 400 MHz –> –169 dB
12 bit, 300 MHz –> –156 dB

VFSR

The maximum power is

In the presence of white noise N, 
the PM noise is
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Is b0 (white PM) affected by ν0?

•Consider two synthesized signals, ν0 < ν1 (i.e., ν1 = n ν0 )
•Same sampling frequency νs >> ν1

•ν0 has factor-n more samples-per-period than ν1

•Does ν0 have lower PM noise than ν1 ?

•The answer is NO!

•Analyzing at the Fourier frequency ƒ with a resolution 
bandwidth B, the measurement time is ≈ 1/B

•The degrees of freedom are νs/B, regardless of νout

•Accordingly, b0 (white PM noise) at ν0 and ν1 is the same

10



Phase noise sampling
11

• The input noise is sensed only during the rising edges

• This is equivalent to sampling at the at the clock frequency

• The phase noise in the full input bandwidth is “aliased” to 
half the clock frequency

in out
D Q

ck

active edge

equivalent sampling function

t

t



• The output jitter results from sampling the input jitter at the 
frequency ν0 = νc / D

• Aliasing increases the white part of Sφ by a factor of D

• The 1/D2 law still holds for autocorrelated noise (flicker, walk) 

Phase noise sampling in dividers
12
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State-variable truncation
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Truncation generates spurs
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Number of Overflows = GRR/(Capacity/ETW) = 2048/(4096/1422) = 711

With this information it is possible to visualize the behavior of the truncation word as shown in
Figure 4.8 below.

1 2 3 1711

1 2 76543 20502047204698 20512048
0

2 B

Amplitude

Clock Cycles

Period of
Sawtooth

Grand Repit i t ion Rate

Figure 4.8. Behavior of the Truncation Word

Note that the truncation word accumulates up to a maximum value of 2B.  It has the shape of a
sawtooth waveform with a period of 4096/1422 clock cycles.  It should be apparent that the
sawtooth shape results from the overflow characteristic of the accumulator.  Also note that the
complete sequence of truncation word values repeats after a period of 2048 clock cycles.  Since
the behavior of the truncation word is periodic in the time domain, then its fourier transform is
periodic in the frequency domain.  Also, the truncation word sequence is a real sequence, so the
fourier transform may be represented by half as many frequency points as there are periodic time
domain points (because the fourier transform of a real time domain sequence is symmetric about
the origin in the frequency domain).  Hence, there will be 1024 discrete frequencies associated
with the behavior of the truncation word, and these frequencies constitute the truncation spurs.

Furthermore, the spectrum of the truncation word sequence will be related to that of a sawtooth
waveform.  The fundamental frequency of the sawtooth is Fs x (ETW/Capacity) or 0.3472 Fs for
the example given.  The spectrum of a sawtooth waveform is comprised of harmonics of its
fundamental.  Since we know that there are 1024 discrete frequencies associated with the
truncation word sequence, then the spectrum consists of triangle waveform with 1024
frequencies spaced at intervals of 0.3472Fs.  This spans a frequency range of 355.5Fs.  This, of
course, results in aliasing of the higher order harmonics into the Nyquist bandwidth, Fs/2.  Figure
4.9 below illustrates this phenomenon.

Copyright  1999 Analog Devices, Inc. 25
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Figure 4.9: Spectrum of Truncation Word Sequence

The upper trace of Figure 4.9 shows the partial spectrum of the sawtooth waveform.  The middle
trace shows the remapping of the spectral lines due to aliasing.  Note that aliasing causes spurs in
frequency bands that are odd integer multiples of Fs/2 to map directly into the region of Fs/2.
While spurs that occur in frequency bands that are even multiples of Fs/2 map as mirror images
into the region of Fs/2.  Such is the nature of the aliasing phenomenon.  The bottom trace of the
figure shows only the region Fs/2 (the Nyquist band) with the remapped spectral lines.  This is
the actual truncation spur spectrum produced by the DDS.  Keep in mind however, that Figure
4.9 only displays the frequency range of 0 to 3Fs.  The full spectrum of the sawtooth waveform
actually spans 355.5 Fs.  Thus, there are many more truncation spurs present than are actually
shown in the Figure 4.9 (the intent of Figure 4.9 is to demonstrate the concept rather than to be
exhaustively accurate).

Phase Truncation Summary

In summary, truncation of the phase accumulator results in an error in the DDS output signal.
This error signal is characterized by the behavior of the truncation word (the truncation word
being the portion of the phase accumulator which contains the truncated bits).  Furthermore, the
truncation error signal causes discrete frequency spurs to appear in the DDS output and these
spurs are referred to as phase truncation spurs.

The magnitude of the phase truncation spurs has an upper bound that is determined by the
number of bits in the phase word (P).  The value of that upper bound is –6.02P dBc and this
upper bound occurs for a specific class of tuning words.  Namely, those tuning words for which
the truncated bits are all 0’s except for the most significant truncated bit.  However, a second
class of tuning words results in no phase truncation spurs.  These are characterized by all 0’s in
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Nonlinearity generates spurs
15
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range from ½Fs to Fs.  The 3rd Nyquist zone is from Fs to 1.5Fs, and so on.  Frequencies in the
ODD Nyquist zones map directly onto the 1st Nyquist zone, while frequencies in the EVEN
Nyquist zones map in mirrored fashion onto the 1st Nyquist zone.  This is shown pictorially in
Figure 4.10.

f

Fs 2Fs 3Fs0

1st 2nd 3rd 4th 5th 6th 7thNyquist
Zone

Mapping Direct Mirror DirectDirectDirect MirrorMirror

0.5Fs 1.5Fs 2.5Fs 3.5Fs

Figure 4.10.  Nyquist Zones and Aliased Frequency Mapping

The procedure, then, for determining the aliased frequency of the Nth harmonic is as follows:

1. Let R be the remainder of the quotient (Nfo)/Fs, where N is an integer.
2. Let SPURN be the aliased frequency of the Nth harmonic spur.
3. Then SPURN = R if (R ≤ ½Fs), otherwise SPURN = Fs - R.

The above algorithm provides a means of predicting the location of harmonic spurs that result
from nonlinearities associated with a practical DAC.  As mentioned earlier, the magnitude of the
spurs is not predictable because it is directly related to the amount of non-linearity exhibited by a
particular DAC (i.e., non-linearity is DAC dependent).

Another source of spurs are switching transients that arise within the internal physical
architecture of the DAC. Non-symmetrical rising and falling switching characteristics such as
unequal rise and fall time will also contribute to harmonic distortion. The amount of distortion is
determined by the effective ac or dynamic transfer function. Transients can cause ringing on the
rising and/or falling edges of the DAC output waveform.  Ringing tends to occur at the natural
resonant frequency of the circuit involved and may show up as spurs in the output spectrum.

Clock feedthrough is another source of DDS spurs.  Many mixed signal designs include one or
more high frequency clock circuits on chip.  It is not uncommon for these clock signals to appear
at the DAC output by means of capacitive or inductive coupling.  Obviously, any coupling of a
clock signal into the DAC output will result in a spectral line at the frequency of the interfering
clock signal.  Another possibility is that the clock signal is coupled to the DAC’s sample clock.
This causes the DAC output signal to be modulated by the clock signal.  The result is spurs that
are symmetric about the frequency of the output signal.

Proper layout and fabrication techniques are the only insurance against these forms of spurious
contamination.  The spectral location of clock feedthrough spurs is predictable since a device’s
internal clock frequencies are usually known.  Therefore, clock feedthrough spurs are likely to be

non-linearity

harmonic distortion
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PLL clock multiplier
16

• On-Silicon LC oscillator
• (also used in other AD devices)

• Literature suggests Q ≈ 5…10
• Leeson fL = 50–100 MHz

• Tight PLL is needed
• Divider noise
• No data from the manufacturer
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another existing system clock. They permit simplified applications and reduce the cost of
supplying a high frequency clock oscillator.

The REFCLK Multiplier feature is not the optimum solution for every application though. There
is a tradeoff in terms of output signal quality whenever REFCLK frequency multiplication is
involved.  Multiplication will degrade reference oscillator phase noise within the PLL loop
bandwidth by 20 LOG (Fout/Fclk), where Fout is the multiplied output frequency and Fclk is the
PLL reference clock.  For example, a 6X clock multiplier will degrade the input clock phase
noise of a –110 dBc/Hz oscillator by 15.5 dB which results in a –94.5 dBc/Hz reference clock
phase noise. Furthermore, the PLL loop filter characteristics may cause “peaking” of the phase
noise response near cutoff.  Figure 5-4 demonstrates typical DDS output phase noise degradation
in the AD9851 device which has the entire loop filter on-chip. Other DDS devices with sections
of the loop filter off-chip will generally not demonstrate peaking in the filter response.

Figure 5-4. Typical DDS Phase Noise With and Without Clock Multiplier Function

DDS SFDR Performance

Use of reference clock multiplication also has an impact on SFDR (spurious-free dynamic
range).  Figure 5-5 shows two spectral plots of the same output frequency except output 1 has a
6× clock multiplier function engaged and output 2 is directly clocked.  Close-in SFDR (+/- 1
MHz) shows SFDR of –68 dBc for the clock multiplied output and –78 dBc for the direct-
clocked output.  Also noticeable is the slightly elevated noise floor of output 1.
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SYSCLK PLL Multiplier 

When the SYSCLK PLL multiplier path is employed, the 
frequency applied to the SYSCLK input pins must be limited so 
as not to exceed the maximum input frequency of the SYSCLK 
PLL phase detector. A block diagram of the SYSCLK generator 
appears in Figure 45.  
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Figure 45. Block Diagram of the SYSCLK PLL 

The SYSCLK PLL multiplier has a 1 GHz VCO at its core. A 
phase/frequency detector (PFD) and charge pump provide the 
steering signal to the VCO in typical PLL fashion. The PFD 
operates on the falling edge transitions of the input signal, which 
means that the loop locks on the negative edges of the reference 
signal. The charge pump gain is controlled via the I/O register 
map by selecting one of three possible constant current sources 
ranging from 125 μA to 375 μA in 125 μA steps. The center 
frequency of the VCO is also adjustable via the I/O register map 
and provides high/low gain selection. The feedback path from 
VCO to PFD consists of a fixed divide-by-2 prescaler followed 
by a programmable divide-by-N block, where 2 ≤ N ≤ 33. This 
limits the overall divider range to any even integer from 4 to 66, 
inclusive. The value of N is programmed via the I/O register map 
via a 5-bit word that spans a range of 0 to 31, but the internal 
logic automatically adds a bias of 2 to the value entered, extending 
the range to 33. Care should be taken when choosing these 
values so as not to exceed the maximum input frequency of the 
SYSCLK PLL phase detector or SYSCLK PLL doubler. These 
values can be found in the AC Specifications section. 

External Loop Filter (SYSCLK PLL) 

The loop bandwidth of the SYSCLK PLL multiplier can be 
adjusted by means of three external components as shown in 
Figure 46. The nominal gain of the VCO is 800 MHz/V. The 
recommended component values (shown in Table 5) establish a 
loop bandwidth of approximately 1.6 MHz with the charge 
pump current set to 250 μA. The default case is N = 40 and 
assumes a 25 MHz SYSCLK input frequency and generates an 
internal DAC sampling frequency (fS) of 1 GHz.  
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Figure 46. External Loop Filter for SYSCLK PLL 

Table 5. Recommended Loop Filter Values for a Nominal  
1.5 MHz SYSCLK PLL Loop Bandwidth  
Multiplier R1  Series C1 Shunt C2 
<8 390 Ω 1 nF 82 pF 
10 470 Ω  820 pF 56 pF 
20 1 kΩ 390 pF 27 pF 
40 (default) 2.2 kΩ 180 pF 10 pF 
60 2.7 kΩ 120 pF 5 pF 

Detail of SYSCLK Differential Inputs 

A diagram of the SYSCLK input pins is provided in Figure 47. 
Included are details of the internal components used to bias the 
input circuitry. These components have a direct effect on the 
static levels at the SYSCLK input pins. This information is 
intended to aid in determining how best to interface to the 
device for a given application. 
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Figure 47. Differential SYSCLK Inputs 
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3.3 V: lower PM noise than 1.8 V
17

Probably related to the cell size and to the dynamic range

Plots originally used to extract the noise parameters
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Figure 15. Absolute Phase Noise Using HSTL Driver,  

SYSCLK = 1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed), 
 HSTL Output Doubler Enabled 
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Figure 16. Absolute Phase Noise Using CMOS Driver at 3.3 V,  

SYSCLK = 1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed)  
DDS Run at 200 MSPS for 10 MHz Plot 

0
6
7
6
3
-0
1
7

100 1k 10k 100k 1M 10M 100M

FREQUENCY OFFSET (Hz)

–110

–120

–130

–140

–150

–160

P
H

A
S

E
 N

O
IS

E
 (

d
B

c
/H

z
)

50MHz

10MHz

RMS JITTER (100Hz TO 20MHz):
50MHz: 790fs

 
Figure 17. Absolute Phase Noise Using CMOS Driver at 1.8 V, 

SYSCLK = 1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed) 
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Figure 18. Power Dissipation vs. System Clock Frequency  

(SYSCLK PLL Bypassed), fOUT = fSYSCLK/5, HSTL Driver On, CMOS Driver On, 
SpurKiller Off 
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Figure 19. Power Dissipation vs. Output Frequency  

SYSCLK = 1 GHz (SYSCLK PLL Bypassed), HSTL Driver On,  
CMOS Driver On, SpurKiller Off 
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Figure 20. SFDR Comparison With and Without SpurKiller,  

SYSCLK = 1 GHz, fOUT = 400 MHz 
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Figure 17. Residual Phase Noise with fOUT = 159.5 MHz,  

fCLK = 400 MSPS; PLL Bypassed (Green), PLL Set to 4× (Red), and  
PLL Set to 20× (Blue) 
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Figure 18. Residual Phase Noise with fOUT = 9.5 MHz, fCLK = 400 MSPS; 
PLL Bypassed (Green), PLL Set to 4× (Red), and PLL Set to 20× (Blue) 
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Figure 19. Comparator Rise and Fall Time at 160 MHz 

 

 

AD9911 
 

Rev. 0 | Page 14 of 44 

–170

–160

–150

–140

–130

–120

–110

–100

10 100 1k 10k 100k 1M 10M

FREQUENCY OFFSET (Hz)

P
H

A
S

E
 N

O
IS

E
 (

d
B

c
/H

z
)

75.1MHz

100.3MHz

40.1MHz

15.1MHz

0
5
7
8
5
-0
1
9

 
Figure 19. Residual Phase Noise (SSB) with fOUT = 15.1 MHz, 40.1 MHz,  

75.1 MHz, 100.3 MHz, fCLK = 500 MHz with REF_CLK Multiplier Bypassed 
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Figure 20. Residual Phase Noise (SSB) with fOUT = 15.1 MHz, 40.1 MHz,  
75.1 MHz, 100.3 MHz, fCLK = 500 MHz with REF_CLK Multiplier = 5× 
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Figure 21. Residual Phase Noise(SSB) with fOUT = 15.1 MHz, 40.1 MHz,  
75.1 MHz, 100.3 MHz, fCLK = 500 MHz with REF_CLK Multiplier = 20× 
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Figure 22. Power vs. System Clock Frequency 
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Figure 23. Amplitude Modulation Using Primary Channel  

(CH1 = 50 MHz) and One Auxiliary Channel (CH0 = 1 MHz) 
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Figure 24. Two-Tone Generation Using Primary Channel (CH1 = 10.1 MHz) 
and One Auxiliary Channel (CH0 = 10.3 MHz) 
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Figure 18 and Figure 19 shows the narrow-band performance of the AD9852 when operating with a 30 MHz reference clock with the 
REFCLK multiplier enabled at 10× vs. a 300 MHz reference clock with the REFCLK multiplier bypassed. 
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Figure 16. A Slight Change in Tuning Word Yields Dramatically Better Results; 

112.469 MHz with All Spurs Shifted Out-of-Band, RECLK is 300 MHz 
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Figure 17. Narrow-band SFDR, 39.1 MHz, 50 kHz BW, 200 MHz REFCLK 

with REFCLK Multiplier Bypassed 
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Figure 18. Residual Phase Noise, 300 MHz REFCLK 

with REFCLK Multiplier Bypassed 
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Figure 19. Residual Phase Noise, 30 MHz REFCLK 

with REFCLK Multiplier = 10× 
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Figure 20. SFDR vs. DAC Current, 59.1 AOUT, 300 MHz REFCLK 

with REFCLK Multiplier Bypassed 
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Figure 21. Supply Current vs. Output Frequency; Variation Is Minimal, 
Expressed as a Percentage, and Heavily Dependent on Tuning Word 
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Figure 15. Residual Phase Noise, 103 MHz FOUT, 1 GHz REFCLK 
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Figure 16. Fractional Divider Loop Residual Phase Noise,  
FIN = 115 MHz, FOUT = 1550 MHz, Loop BW = 50 kHz 
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Figure 17. Fractional Divider Loop SFDR, FIN = 96.9 MHz,  
FOUT = 1550 MHz, BW = 1.5 MHz 
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Figure 18. Residual Phase Noise, 403 MHz FOUT, 1 GHz REFCLK 
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Figure 19. Translation Loop Residual Phase Noise  
FLO = 1500 MHz, FOUT = 1550 MHz, Loop BW = 50 kHz 
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Figure 20. Fractional Divider Loop SFDR, FIN = 97.3 MHz,  
FOUT = 1550 MHz, BW = 1.5 MHz 

AD9858

b–1 = –116 dB

b–1 = –150 dB

b0 = –149 dB
b0 = –159 dB

48 bit accu, 12 bit dac
fc=300MHz, 3.3V cmos

AD9956 
 

Rev. A | Page 14 of 32 

0
4
8
0
6
-0
-0
2
1

CENTER 159.5MHz 100kHz/ SPAN 1MHz

REF LVL
0dBm

DELTA 1 [T1]
–78.13dB

–100.20040080kHz

RBW
VBW
SWT

RF ATT

UNIT

500kHz
500kHz

20s

20dB

dB

1 AP

A

–20

–40

0

–60

–30

–50

–10

–70

–80

–90

–100

1

1

 

Figure 10. AD9956 DAC Performance: 400 MSPS Clock,  
160 MHz FOUT, 1 MHz Span 

FREQUENCY (Hz)

L
(f

) 
(d

B
c

/H
z
)

0

–10

–20

–30

–40

–60

–50

–70

–80

–90

–100

–110

–130

–120

–140

–160

–150

–170
10 1k100 10k 100k 1M

0
4
8
0
6
-0
-0
2
3

 

Figure 11. AD9956 DDS/DAC Residual Phase Noise  
400 MHz Clock, 10 MHz Output 
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Figure 12. AD9956 DDS/DAC Residual Phase Noise  
400 MHz Clock, 40 MHz Output 
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Figure 13. AD9956 DAC Performance: 400 MSPS Clock,  
160 MHz FOUT, 200 MHz Span 
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Figure 14. AD9956 DDS/DAC Residual Phase Noise  
400 MHz Clock, 103 MHz Output 
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Figure 15. AD9956 DDS/DAC Residual Phase Noise  
400 MHz Clock, 159 MHz Output 
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fc=400MHz, 1.8V cmos

AD9951, AD9952, AD9953, AD9954

b–1 = –107 dB

b0 = –153 dB

32 bit accu, 10 bit dac
fc=1GHz, 3.3V cmos

fo = 103 MHz

fo = 10 MHz

fo  = 40 MHz

32 bit accu, 10 bit dac
fc=1GHz, 3.3V cmos

32 bit accu, 14 bit dac
fc=400MHz, 1.8V cmos

clock multiplier enabled
fo = 9.5 MHz

1/2/4 outputs two outputs:
cos+aux / I-Q

single output single output,
diff. aux functions

single output

E. Rubiola, Mar 2007 (adapted from the Analog Devices data sheets)

AD9912

Figure 16. Absolute Phase Noise Using CMOS Driver at 3.3 V,  
SYSCLK = 1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed)  
DDS Run at 200 MSPS for 10 MHz
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Experiments
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• AD9912 demo board
• AD9854 (9914) demo board
• Claudio’s AD9854 board

• V1 – Current feedback OPA output stage
• 25Ω input impedance, 8 nV/√Hz noise, kHz coupled

• V2 – Balun and MAV-11 RF output amplifier
• F = 3.6 dB, AC coupled (≥1–2) MHz

• Specified above 50 MHz, yet works well below



• Pseudorandom noise, slow beat (days)
• The probability that two accumulators are in phase is ≈ 0
• Two separate DDS driven by the same clock have a random 

and constant delay
• The delay de-correlates the two realizations, which makes 

the phase measurement possible

Experimental method (PM noise)
19
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Claudio’s prototypes
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AD9954

AD9854

Cyclon

AD9912
balun

balun

MAV11
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PM noise vs. output frequency

22.5 MHz:  b
–1  = –114.5 dB

Balun and MAV-11 at the DDS output 

11.25 MHz:  b
–1  = –120.5 dB

5.625 MHz:  b
–1  = –126 dB

2.81 MHz:  b
–1  ≈ –130 dB

1.406 MHz:  b
–1  ≈ –133.5 dB b0 ≈ –155 dB 

b0 ≈ –159.5 dB 

b0 ≈ –162.5 dB 

DDS internal stages

(DDS) output stage

30 dB/dec
thermal effect?

power supply



INRIM

AD9912 noise vs. out frequency
22

– low Fourier frequencies –



–140 dB@ 180 MHz
(AD8002 white)

b–1 = –108.5 dB
scales ≈ as 1/ν2

hits  b–1 = –130 dB

AD8002 current-feedback 
opamp at the DDS  out

30 dB/dec
thermal effect?

45 MHz: b
–1  = –108.5 dB

22.5 MHz:  b
–1  = –114.5 dB

11.25 MHz:  b
–1  = –120.5 dB

5.625 MHz:  b
–1  = –126 dB

1.4 MHz & 2.8 MHz:  b
–1  ≈ –130 dB

INRIM
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• The –140 dB floor is due to AD8002 at the DDS output
• The flicker is unchanged (comes from the DDS) 

PM noise vs. output frequency



AD9854 noise 24

b0 =
4

3

1

22n ⌫s
rad2/Hz

Basic formula for white noise

Flicker is in fair agreement
White is made low by spurs

 AD9852
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Figure 18 and Figure 19 shows the narrow-band performance of the AD9852 when operating with a 30 MHz reference clock with the 
REFCLK multiplier enabled at 10× vs. a 300 MHz reference clock with the REFCLK multiplier bypassed. 
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Figure 16. A Slight Change in Tuning Word Yields Dramatically Better Results; 

112.469 MHz with All Spurs Shifted Out-of-Band, RECLK is 300 MHz 
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Figure 17. Narrow-band SFDR, 39.1 MHz, 50 kHz BW, 200 MHz REFCLK 

with REFCLK Multiplier Bypassed 
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Figure 18. Residual Phase Noise, 300 MHz REFCLK 

with REFCLK Multiplier Bypassed 
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Figure 19. Residual Phase Noise, 30 MHz REFCLK 

with REFCLK Multiplier = 10× 

DAC CURRENT (mA)

55

0

S
F

D
R

 (
d

B
c

)

54

53

52

51

50

49

48
5 10 15 20 25

0
0
6
3
4
-0
2
0

 
Figure 20. SFDR vs. DAC Current, 59.1 AOUT, 300 MHz REFCLK 

with REFCLK Multiplier Bypassed 
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Figure 21. Supply Current vs. Output Frequency; Variation Is Minimal, 
Expressed as a Percentage, and Heavily Dependent on Tuning Word 

AD9852, AD9854 

b–1 = –104 dB
b–1 = –125 dB b0 = –149 dB

b0 = –159 dB

48 bit accu, 12 bit dac
fc=300MHz, 3.3V cmos

two outputs:
cos+aux / I-Q

who meas, dB math, dB clock, MHz
specs –159 –155.8 300

YG –158 –155.0 250
CC –162.5 –153.6 180
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10 MHz:  –118 dB

Specs,
regular output

22.5 MHz:  b
–1  = –114.5 dB

Balun and MAV-11 at the DDS output 

11.25 MHz:  b
–1  = –120.5 dB

5.625 MHz:  b
–1  = –126 dB

2.81 MHz:  b
–1  ≈ –130 dB

1.406 MHz:  b
–1  ≈ –133.5 dB b0 ≈ –155 dB 
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DDS internal stages

(DDS) output stage

30 dB/dec
thermal effect?

power supply



AD9854 I–Q noise 25
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agreement between YG and CC
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compared to specs –140 dB@ 180 MHz:

(opa AD8002 white)

b–1 = –118 dB,
scales as 1/ν2

I-Q PM noise.  Take away 3 dB 
for 2 equal outputs (DACs)
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INRIM

11.25 MHz: b
–1  = –129 dB ?

22.5 MHz: b
–1  = –124 dB

45 MHz: b
–1  = –118 dB

≤ 5.6 MHz: b
–1  ≈ –132 dB ?
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• PM noise scales 6 dB per factor-of-two output amplitude
• Signature of digital multiplication: lower amplitude is obtained 

by reducing the integer number at the DAC input

PM noise vs. output amplitude

b0 ≈ –135 dB 

balun and RF amplifier at the DDS out
180 MHz clock

am
pl

itu
de

,
D

D
S 

un
its

b–1  ≈ –124 dB 
b
–1  ≈ –126.5 dB 

b0 ≈ –141 dB 

b0 ≈ –147 dB 

b0 ≈ –153 dB 

b0 ≈ –158 dB 

b0 ≈ –162 dB

1/P law
6 dB / factor-2

likely limited by the 
measurement system

flicker almost 
constant, vs. P

thermal effect?



PM noise vs. clock amplitude
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–163 dB @ –8 dBm

flicker
b–1 ≈ –122 dB

from supply voltage

another flicker-
like process?

1/f4 from thermal 
fluctuation? 

–167 dB @ +7 dBm 
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deINRIM



The effect of the clock frequency
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INRIM Clock
frequency

(≥ 200 MHz spec)

400 MHz

50 MHz
100 MHz200 MHz



Thermal effects
29

•Low-frequency temperature fluctuations 
induce phase noise

•A large thermal mass helps
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Power 
Splitter 

(PSC-2-1, 
Minicircuits) 

Phasemeter 
Symmetricom 

TSC5125A 

AD9912 

Agilent 
E8257D 

400 MHz 

4 dBm 

Reference 

Input 

Demo board 

3.3 V 1.8 V 

2 Hz 

+/- 5% 

AD9912 Voltage sensitivity
30



AD9912 temperature sensitivity
31

• Temperature control 
(chamber)

• Measured: –2 ps/K

• Includes cables, baluns 
etc
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AD9912 
sensitivity to 
temperature
(alternate)

time

time, svoltage effect

thermal 
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effect

AD9912



AD9912 temperature sensitivity

•High frequency: –2 ps/K, constant
•Low frequency: 1/ν3 law

33

INRIM

output frequency

th
er

m
al
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oe

ffi
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t



100 MHz: –110 dB 

50 MHz: –116 dB 

25 MHz: –122 dB 

12.5 MHz: –128 dB 
6.25 MHz: –131.5 dB 

1.56 MHz: –129 dB (!!!) 

3.125 MHz: –131.5 dB 

INRIM

PM noise of the AD 9912

• At 50 MHz and 10/12.5 MHz we get ≈15 dB lower flicker 
than the data-sheet spectrum

• Experimental conditions unclear in the data sheets

34

AD9912  
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Figure 15. Absolute Phase Noise Using HSTL Driver,  

SYSCLK = 1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed), 
 HSTL Output Doubler Enabled 
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Figure 16. Absolute Phase Noise Using CMOS Driver at 3.3 V,  

SYSCLK = 1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed)  
DDS Run at 200 MSPS for 10 MHz Plot 
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Figure 17. Absolute Phase Noise Using CMOS Driver at 1.8 V, 

SYSCLK = 1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed) 
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Figure 18. Power Dissipation vs. System Clock Frequency  

(SYSCLK PLL Bypassed), fOUT = fSYSCLK/5, HSTL Driver On, CMOS Driver On, 
SpurKiller Off 
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Figure 19. Power Dissipation vs. Output Frequency  

SYSCLK = 1 GHz (SYSCLK PLL Bypassed), HSTL Driver On,  
CMOS Driver On, SpurKiller Off 
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Figure 20. SFDR Comparison With and Without SpurKiller,  

SYSCLK = 1 GHz, fOUT = 400 MHz 

AD9912

Figure 16. Absolute Phase Noise Using CMOS Driver at 3.3 V,  
SYSCLK = 1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed)  
DDS Run at 200 MSPS for 10 MHz
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Spurs reduce the white noise 
35

INRIM
AD9854, ck 300 MHz

spurious
floor

reduction



Spurs can be amazing
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More about a PM-noise bump
37

• Low PSRR (power-supply 
rejection ratio) of PM 
noise

• For instance The AD9912 
at 25 MHz out has 15 ps/% 
supply-voltage sensitivity

• No bump at 103–105 Hz is 
seen in the data-sheet 
spectra

• DC regulator may show a 
similar bump, alone or or 
with the output capacitor X7R SMD capacitor shows low ESR (≤5 mΩ)

INRIM
AD9912
400 MHz clock, 25 MHz out
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10 –> 640 –> 10 MHz

PLL clock multiplier
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PLL clock multiplier
10 –> 640 –> 10 MHz



PLL clock multiplier
40



Effect of other parts on the PCB
41

INRIM

A blinking LED somewhere on the PCB spoils the output spectrum



ADEV vs. clock frequency
42

C.Calosso & E.Rubiola, May 2012
Commented:
Original: 02_AD9912_scanFck/FckScan_01_adev.png

fH = 500 Hz and fH = 50 Hz
specs: ck ≥ 200 MHz



ADEV vs. output frequency
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C.Calosso & E.Rubiola, May 2012
Commented:
Original: 01_AD9912_scanF/FoutScan_01_adev.png

fH = 500 Hz and fH = 50 Hz

thermal effect



ADEV vs. output frequency
44

thermal effect



The cross spectrum Sba(f ) rejects 
the single-channel noise because 
the two channels are independent.

•Averaging on m spectra, the single-
channel noise is rejected by √1/2m

• A cross-spectrum higher 
than the averaging limit 
validates the measureva(t) = 2kaPa�(t) + noise

vb(t) = 2kaPb�(t) + noise

Sba(f) =
1

4kakbPaPb
S�(f)

meas. limit

α(f)

1
2m

frequency

log/log scale

cross spectrum

single channel

S

 E. Rubiola, The measurement of AM noise of oscillators, arXiv:physics/0512082, Dec. 2005 
E. Rubiola, F. Vernotte, The cross-spectrum experimental method, arXiv:1003.0113v1 [physics.ins-det], Feb. 2010 
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AM noise (1)
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AM noise (2)
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Conclusions

•Noise theory and model for the DDS
•A lot of still-not-published experimental data
•Phase noise
•Allan deviation
•Amplitude noise

•Experiments done at INRIM and at FEMTO-ST
•Model and experimental data are in fair agreement
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http://rubiola.org

http://rubiola.org
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