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Abstract Introduction

This paper presents a survey of the latest tecksiqu Sine output direct digital synthesizers (DDSs) Wigy
and hardware advances in sine output direct digitalgenerate a stepped sine wave at an output frequigncy
synthesizers (DDSS). from a clock frequency,f(figure 1). These DDSs have

First, a brief description of the theory of sinetput been in use since the late 1960s [Gillette, 196@] laave
DDSs is presented. A sine output DDS has the adgant become more and more popular as digital logic has
of being able to synthesize high spectral purihesivave  advanced in complexity and performance. Sine output
signals over a wide range of frequencies utiliziegnpact  DDSs are not the only type of DDSs [Reinhardt, 1986t
digital integrated circuits containing an accumaiag sine have become the most widely used because of tigdir h
look-up table, and a digital-to-analog converterA(D). spectral purity and all digital implementation. $tpaper
(The DDS is completed with an output filter.) Th©® surveys the latest developments in the state ofathef
can produce an output frequency from zero to a maixi sine output DDSs and discusses the direction afréut
frequency that is on the order of 1/3 of the cléelquency  advances. To simplify terminology in the remaindethis
of the digital components. The principal advanceBDSs paper, we will refer to sine output DDSs as DDSthhe
have been in increasing the maximum frequency kcloc implication that we are discussing only the singpati
speed) and in increasing the spectral purity (spurtype.

reduction). Frequency W ord K (N-bits)
Second, sine output DDS designs are examined thatc 1o ¢ k 5 h‘:S -

fall into two broad categories: designs for higteesh and fo T |cenerator

spectrally clean performance and designs for atidios Mo b its v

that require special features. Results are preseiewing Shemave

how the spectral purity of the DDS is related te th L-bits |

complexity and performance parameters of the digita o v |

components. Recent advances in architectural tqobsi App Il?clgatio n S D b its

are described that are designed to optimize spectra ATt Aliasing

performance while minimizing architectural comptgxi Filter
Finally, a survey of the latest DDSs and components Analog fo = (KJ/2N)Vf,

developed by several manufacturers are described Application

presenting key performance parameters such as clockigure 1. Conceptual Block Diagram of a (Sine Ot)pu

speed, spectral purity, frequency resolution, DGvgro ~ DDS. The analog application requiring the DAC i th

consumption, and special features. A plot of regbrt focus of this paper as both the digital and DAC

spurious performance on DDSs (or DACs for DDSs) is imperfections are discussed.

presented revealing a performance barrier thatgdess

are striving to break. The advances necessaryeakithis In addition, three techniques for the digital gerien

barrier will be discussed. of a sine output are shown in figure 2. The digdiginal
processor (DSP) computes the sine output but isaip
slow compared to the DDS. The waveform generatadgse
sine-output data from previously written random essc

For research purposes. This material is copyrihhtethe IEEE.



memory (RAM). This technique is widely used in test the phase generator increments the phsby an amount
equipment for radar and communications applicatidine

scope of this paper is limited to the accumulatasda given by
sine-output DDS. Ap= 2]-[£

Direct Digital Waveform Digital Signal 2N

Synthesizer cenerater Processor where K is an N-bit frequency word. Since this ascat

| Fretord Mavelorm i K the clock rate, the phase steps throughradians at a

C « | [Esmme]e. feauency
ﬂ L?Vh fo = £N fc =F fc
o 2

Figure 2 Three methods for the digital generatidrsme ~ ®n 1S then trun.cated to M-bits and sent to tr_‘e_ siagew
output wavefroms are shown. The DSP is typicatiysl ~generator, which generates an L-bit digital word
The waveform generator is widely used in test egam proportional tcSin((pn).

pattern or arbitrary waveform generators in radand If the DDS is utilized in a digital application part of

communications ap_plications. The phase accumglatora larger digital signal processor, the DDS is catelas
followed by a sine generator (phase-to-amplitude gescriped. If an analog output is required, a digi-

translation) based DDS is the focus of this paper. analog converter (DAC) and an anti-aliasing fili@re
. v required to complete the DDS. The DAC takes tine si
S atput — output word truncated to D-bits and converts thi® ia
v stepped voltage as shown in Figure 1. The antsialip
MC“”;' — filter, whose low pass knee is below?f is required to
Output smooth the output to improve the spectral purity.
v(®) According to the Sampling Theorem, a perfect sireev
() with no phase jitter is recovered, if the proceds o
Spurs Principal Spur From generating the stepped sine voltage output werfegier
1st Harmonic K (N-bits)
B=2N Yy
Phase
Generator
0 fo fc/2 fc'fo fc ‘|, Truncation to M-Bits
Sine Wave
(b) Generator | Sine Accuracy
Many Harmonics Coalesce 2M x L Bits

Spurs _
P into a Few Spurs Truncation to L-Bits
f=3/8 D /A
f

"+ttt Static: Truncation to D-Bits
0 fo fc Accuracy
Dynamic: Roll-Over Glitch
(C) Non-linear Slew Rate

Figure 3. (a) The uniformly stepped output is pgigovith  Figyre 4. Some static errors are due to word léngt
period B (b) The Fourier harmonic expansion duéfte  tryncations in the DDS and DAC, and some dynamic
perodicity of B results in B spurs from frequenciolFe. errors are due to the roll-over glitch and non-lareslew
The non-ideal sine wave also has a Fourier harmoniCyate. An in-depth description of how to linearlg\sl the
expansion. Aliasing moves these spurs from the d=mion  pAC response is given by [Essenwanger, 1998].
locations to the B locations. (c) However, for the
normalized frequency (Fr =K/B), when K and B are no Imperfections in the sine generation process cause
relatively prime, the fraction is written as an aducible spurious outputs to be generated (figure 3). Bexafishe
fraction (i.e. 3/8), and the multitude of B spursea yniform sampling process involved, these imperteri
coalesced into a few spurs as shown. An in-depthcan pe aliased down to low frequency offset sputsch
derivation is given by [Reinhardt, 1985]. can be as close ag'R from the carrier [Reinhardt, 1985].
) ) These imperfections are caused by several factors

The conceptual block diagram of a (sine output) DDS [Reinhardt, 1985]. First, the truncation of the ghavord

shown in Figure 1 consists of two components, as@ha o M-pits, the sine generation accuracy and triogao L-

generator and a sine wave generator. The phaseaene pjs cause imperfections in the sine output. SecEr#C
is driven by a clock frequency. fAt the " clock period,



imperfections, which can be classed as static gndrdic
imperfections, also cause spurs (figure 4). Thdicsta
imperfections are due to the D-bit truncation ¢ thAC
word and the static inaccuracies of the DAC. Dymami
imperfections are largely due to the non-lineawslate of
the DAC [Essenwanger, 1998] and the fact thathalllits
of a DAC don't switch at the same time, causinditalgas
the input word is changed (glitch area). Spur levale
generally given by 6 dB per bit of accuracy, though
DAC imperfections can generate spurs at the 7-B.pef
bit level [Garvey, 1990]. The reader is referred to
[Reinhardt, 1985] for an in-depth derivation of the
harmonic aliasing of spurious frequencies in DDS.

The 6-dB per bit rule-of-thumb is valid when the
aliased spurious power is coalesced into one sparrey,

1971] or summed. The coalescing into a few spurs is

shown in figure 3c, but the summation of spurioasver
may also be computed for all output frequencigsa&
shown in figure 5, where all spurs are summed ug2cor
200MHz for this example. At £1/4 f, (L00MHz) there
are no spurious. At,E1/8 f, and 3/8 § worst case spurious
results.
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Figure 5. The root-sum-square of spurious poweraas
function of output frequency [Essenwanger, 1996je T
response is searched for worst case start phasepastt
compensated for sifmF)sind4A) [Essenwanger,

1998].
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The RSS of spurious is based on the following
equation [Essenwanger, 1996], after “total integplat
spurious” [Kent, 1995]:

i <Nyquist

2

i=1
Cmo

(Cmi) ’

RSSDUHOUS = 2O|og

whereCm; = magnitude of power.= 0 for the
fundamentali = 1,2,3,...,(<Nyquist Rate) for spurious,
excluding the alias. The approximate variance paf¢ne
errors for a uniform quantizer is well known [Radxin
1975], [Colotti, 1990] as

where q is the quantization. Thus, for uniform dimation
of a sine wave

2
IS

g 1 _
=———for q normalized
V12 12 a

. 2
noise| = wIE‘; ):
k

. 2
I =
signal |, = 2 7>
signal 2k
SNR =20log| ——— | = 20lo
g[ noise J g 22
V12

= 20log ‘/gj

k

(2 )+ 201log [2
=~ 20 log (2k)+ 1.761 = 20log (28)+ 1.7609 for an 8- bit DAC
=48.1+1.8=49.9 dB

This result, in close agreement with the typicaiele
shown in figure 5, confirms the practical usefutes the
6 dB per bit rule-of-thumb (the 1.8dB constant is
understood). The root-mean-squared (RMS) was also
studied instead of the RSS with similar resultse@t the
RMS had slightly more variations (not as smooth) as
shown in figure 5.
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Figure 6. The effective number of dominant spws i
reduced from the theoretical spectrally flat numbgrthe
coalesced spurs for DDSs.

In figure 6, most of the power is divided among the
fewer dominant coalesced spurs. For the ideakflatious
spectrum case, the spurious power is evenly divadedng
all spurs. The 6 dB/Bit rule-of-thumb is approacleedthe
two curves converge and approach the one spur asisum
near the chart origin.

DDS Survey

Table 1 shows various phase-to-sine conversion
architectures (or DDS back-end circuitry) for which
Vankka has simulated worst case spurious (algorithm
error) [Vankka, 1998]. Raytheon’'s back-end (BE)
architecture is appended to the bottom of the tablevell
as the unmodified Sunderland BE. It is difficultdompare
architectures when new unconventional methods of
performance are used without all parameters and



conditions defined. The Vankka worst case spur wasfor the simulations, the same data is not availébiethe

reported to be simulated for the Nicholas phaseRaytheon DDS; however, the unmodified Sunderland

accumulator. Because it is not clear all of theditions architecture is 12-bits +/- 2 LSBs which has a woese
spur of nearly 61.8dBc by the 6dB/Bit + 1.8dB rale-
thumb. Sunderland reports measured performance for
Fr=3/8 of 65.4dBc [Sunderland, 1984]. Simulationishw
an ideal DAC model for Fr=11/32 gives -67dBc
[Essenwanger, 1987] (without a search routine for t
worst-case start phase).

Table 1. Modified Vankka's Table [Vankka, 1998]: umated with the Raytheon [2] and unmodified Sunderlad [26]
Direct Digital Synthesizer Back-End Sine-Output Arditectures.

VWOrst Case
Algorithm
ROM Required| Compressiol| Significant Additional Error
Architecture [bits] Ratio Logic Circuits [dBc] Comments
Uncompressed
ROM 2x 12 1:1 (none) -97.23 reference
Modified 2°x 9
Sunderland 2®x 4 59:1 adder -86.91 good spur level and simgle
NICNOIas FlIne
Linear 2°x 9
Interpolation 2°x 3 128:1 adder/subtract -88.94 best compression ratip
Conventional 2 x1a
Taylor Series 2'x 9 conventional multipliers arg
Approximation 2°x 3 64:1 2 adders, multiplier -97.04 slow
14 pipelined stages, 1§- slightly more circuitry neede
Cordic (none) N/A bits wide -84.25 AM possible
Raytheon's Taylo 2'x 14 67:1 (w.r.t. optimized for performance
Series 2'x 11 2714x13 | multiplier, multiplexer,| 13-bits |and cell reuse from a sine a
Approximation ’x7 ROM) adder *I_1-bit cosine output capable design
Unmodified 2°x 11 12-bits
Sunderland 28x 4 51:1 adder *I 2-bits simple
SFDR _ Far Future Vankka also reports that the modified Sunderland is

5to 10 years \ /DD
<7

14 dB better than the unmodified Sunderland. T lis,

-g0de= N\ T~ ool Vankka simulation for the unmodified Sunderland DDS

Near Future - should be about 14-86.91= -72.91dBc. Hence, thsre i

| 2to\3\¥ear3\f h about an 11dB discrepancy from worst case spurious
-70dB= AN predictions by the rule-of-thumb for the convenéibn

Y
Current N

Sunderland architecture and about a 6dB discrepéorcy
:Technologyvr AN
N\

more) from simulations. See [Sunderland et al. 41 9& a

-500B= (1999) conventional calculation of DDS algorithm truncatio
terms of signal-to-noise ratio. On the other hatit
Raytheon DDS performance is equivalently 13-bits &/

1 |\|,|HZ 10 1%01 (leZ o 1ho LSB or the equivalent of a 12-bit linear DAC witkarly

Clock Rate ideal phase-to-sine conversion, similar to whatlaBROM
BE would provide (approaching the -97.23 dB

Figure 7. DDS Technology Trends. The DDS Designl Goa Performance as read from Vankka’s table).

is High SFDR and High Speed to get Wide Bandwidth  1he trends and design goal of DDS technology are
such that signals can be synthesized at IF. Thee@ur shown in figure 7. By innovative CII’CU!'[S and h'gweed
Technology, Near Future, and Far Future Expectagion IC processes, the goal should be attainable wéhout 10
are Shown [Estrick, 1995]. years.



The survey results are shown in table 2 and figBrasd 9.  the-art for high resolution DDSs and are often uskehg
Because of the limited number of parts that casaeably  with conventional direct and indirect synthesiziemswide
be shown on one chart, the list is not exhaustimvever, bandwidth and synthesis at IF frequencies. Figusbdvs
this is representative of the state-of-the-art DI the high speed (wide bandwidth) capable DDSs (and
Figure 8 shows the lower output frequency capableDACs) and reveals a barrier in performance, addher
DDS (and DACs useful for DDS). These are the sbéte- right corner of the chart is clear. This barrieatsibuted
to the high-speed performance limitations of theMA

——Burr-Brown, (1)

Spurious/Harmonics DAC600.[22]
—=—T1,[6]
-30 . | O
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Figure 8. The Survey Results for Lower BandwidthSBand DACs useful for DDS. While the list is ndita@istive, it is
representative of typically commercially availabled state-of-the-art prototype technology founthmm literature [31].

dBc SpurIOUS/H arm OnlCS ——STEL-2373,[1]
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-19
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Figure 9. The survey results for high-speed DDSsRACs useful for DDS. The lower right corner & tthart is clear of
data points revealing a barrier in performance #itrted to the DAC’s high-speed performance limitati The table
captures the data to the authors’ best abilityriterpreting the published information [31].



Notes for Table 2 and Figures 8 and 9:

(Table 2 Continued)

(1) DAC useful for DDS application. et
. . . . Clock
(2) Has noise reduction circuit that manufacturer shows| weniir Rate el o o) e out | gre o | e | PO | package
reducing discrete spurious from -57dBc to -72 d&c f e
approximately a 4 MHz output frequency. Qualcomm . 68.pin
) . Q2334,[13][14] 50 32-bits 12 no 3-bits yes 0.67W PLCC
(3) The Q0320-1 DDS synthesizer card includes the
Q2220 DDS and Sony CXD1171M DAC. Quaomn | w5 | sawis | 12
(4) Internal divide-by-two cuts effective clock to half .
. . ' . Qualcomm bits
(5) Uses Triquint's GaAs 14-bit DAC. Q220 ype)| O | 24 10
(6) The reported typical SNR is about 6dB worse tha@n th |weoerces| o | woe | 10 | w | iooee | wo aapin
plotted "Peak Harmonic" for the 1st Image. It is | "7 e
unclear if the technique of [Hill,1993] is suggeste T 250 10 oip and
. . . |y AD9720,[17]
(7) Some manufacturers distinguish between spurious ang
harmonics (e.g. Sciteq or Osicom), but often thiS| swsape | s | zemis | & | yes | 128 Gans P
distinction is not made clear.
University of
Table 2. Survey of DDS/DAC Features [31 el e I cane
Clock Result
\dentifi Rate MH Frequeqm/ Word(s) LAV Ou Phase 11Q Ou Tech - Poyver Pack:
e (:ax)Z Fesolution or:i).Acr | o= t nolegy o age Tgﬁcigi;iz":)/] 20 32-bits 12 no 32-bits yes ﬁrgs;’
STH.-2373,[1] 1000 20.8023 Hz 8 no 2-hit no GaAs 2w ﬁxl
ybrid DAC Triquent
SC-0806- 1000 14
Raytheon[2] | 1000 | 0.232 Hz 13 yes | 32it no | Bipolar | 7.5 W 'C"‘l"d”' cmeE
Burr-Brown, (1) | 56 12 Bipolar
- DAC600,[22]
séfgz(fg] 1600 0.5 Hz 8 no no ves 6w '"Z”I"C'"h'
- HP(1),[23] 1000 12 GaAs
1.12"x2.
Rockwell,[4] 500 28-hits 12 no 8-hits. no (}S—IaBATS 55W [ 33"x0.2
" hybrid AD9830[17] 50 32-bit 10 no yes no cMos | 250Mw "T%Iﬂg'
T'/Lg'écg'?sﬁabs 800 32-bits 10 Rockwal (nfz)| 1000 12 Sice HET
DAC Rockwell
(1) RIE1008 1200 10 GaAs
. 25]
Ti,06] 450 28-bits 8 ves no ves ia;Ts '""c”fg'h'
PPy Some surveyed wideband DACs do not show up on
Sciteq DCP- . . e om . . .
m | 70| s |1z | e | r2s | ww | e the survey chart in figure 9 because no publishetd dn
v v Lo the spurious performance was determined. Howeles; t
Sciteq VDS~ 20 32-bits BCD 12 o 3w 5" . . .
871 01 He exact module are of particular interest because of the highlciate or
w905 | o | spe | 12 | mo | aom | mo | cwos | reme | 2 novel architecture. For_ example, Rockwe_ll has regubr
i icc development of a 12-bit, 3-GHz DAC [Loring,1994prF
st 295 | g0 | soms | s vo | ye® | sicon | swew novel DAC archltectur_es, see [Takakura et al., 1991
[Hawksford, 1994], [Kim, 1993], [Essenwanger, 1998]
T “ it e and others listed in the references and bibliograpgn
example of a high-speed DDS/DAC is the Raytheoan@
module design shown in figures 10 through 14.
Sp:sg[:?s[!)] 1000 22 12 no no no InP HBT IC ( Add BUS Add WAVEFORM 16, [ oS } A
uxﬁ?&a’;n 1250 25-bits 12 yes no no MGBaAFSEr 22w | 6lics sto E
CNI[10] GATE
¢ e
TRW HBT 1.4 cubic| b g é ouTPUT
DDS/HDAC- 500 24-bit 12 e CLK Out
S its no no no Gans in g T
aC b
BroadCom [12] | 800 32-bits 12 no | 12-bits | yes +3’DVXC Ic VME o | L] M:R}:»;)
. 7

Figure 10. Block Diagram of Raytheon DDS Module[2]



F|gure 12. The Raytheon IC chip.
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Figure 13. Typical worst case spurious performainée
the Raytheon DDS/DAC module [2].
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Figure 14. Measured phase noise for the Raytheon

DDS/DAC [2].

Conclusions

There are major challenges in DDS designs,
particularly in the DAC, to achieve the design godl

about —90dBc SFDR and GHz clock rates for wideband

output capability. The technology needed to achithig
goal, through the use of advanced IC process téogyo
and novel circuits, was presented. The survey ietdea
barrier in performance attributed primarily to tthgnamic
imperfections of high speed DACs. Standardizatiothie
specification and measurement of spurious perfocamas

also needed.
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