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THE OUTPUT NOISE REDUCTION OF THE R-2R RESISTOR LADDER
DIGITAL-ANALOG CONVERTER

A new method for reducing output noises in the R-2R resistor ladder digital-analog
converter (DAC) is presented. The main reason for the output noises in R-2R resistor ladder
DAC is the disadvantages and non-ideal features of the operational amplifier (Op-Amp). In
case of the low numbers of the input combination there can be an output voltage without
noises, because the voltage-error for the OpAmp in case of low output voltage is very
small. But the low output voltage can be not the exact voltage because many times the 0
voltage on the negative input of the OpAmp forms is not clear. The high output voltage of
the OpAmp can be more exact, but it will have noises because of the conflict between the
voltage corresponding to the difference of the input voltages and the voltage corresponding
to the current coming from the R-2R ladder. Using the new method, the output voltage of
the R-2R resistor ladder DAC will be exactly in the full input combination range, and it will
have almost no noise. In the primary 4-bit R-2R DAC designed in the 32 nm technology the
INL (integral nonlinearity error) in case of 0000 input combination is 0.2 ¥, and the noise-
error in case of 0101 input combination is 0.065 V. In the optimized R-2R DAC, the
maximum INL error is 0.02 " at 0010 input combination and the maximum noise-error is
0.005 ¥ at 0001 input combination. Using the method, the area of the circuit increases by
7%. As this disadvantage is very small the new approach is very preferable to use for
accurate output signal in the R-2R resistor ladder DAC.

Keywords: DAC, current mirror, Op-Amp, INL error, invertor.

Introduction. The DAC using R-2R resistor ladder is a simple circuit that
consists of Op-Amp, resistors connected in parallel and in series in the cascaded
form and the transmission gates switching the currents going from tha ladder to the
OpAmp. The OpAmp can be used in the circuit in inverting and non-inverting forms.
2R ladder resistors are used as voltage dividers for the output signal depending on
the input combination.

The name “ladder” means a configuration of the resistors applied within the
network. A R-2R resistive ladder structure provides a means of converting digital
signals to the equivalent analog output voltage. Input signals are connected to the
R-2R ladder by transmission gates which are turning each branch of the ladder on
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or off. The output signal is taken from the end of the ladder which is used to drive
the inverting input of an OpAmp.

As transmission gates have their own resistance, the resistors need to have
much more resistance than transmission gates to keep the right operation process
for the DAC. But besides that, the transmission gate has got a parasitic capacitance
which can import noises in the signal that must be formed in the output. For low
resistance of the transmission gate, the sizes of its transistors need to be wider, so it
can lead to a bigger parasitic capacitance and provide a bigger noise in the signal.
But this is the smallest factor which makes noises in the output of the R-2R resistor
ladder DAC. The circuit has more serious disadvantages that lead to a non-accurate
output signal. The designed approach makes it possible to avoid all the dangerous
features of the R-2R DAC that will import noises in the output signal.

Literature review. For different types of DAC, and in general for mixed-
signal digital and analog circuits, there are several approaches for reducing the
output noises.

For example in [1] DAC Quantization Noise Reduction is presented. In hard
disk drives (HDD), the digital- analog converter (DAC) driving the voice coil
motor (VCM) has a restricted accuracy. Quantization noises due to the finite
precision of the DAC disturb the servo control loop and degrade its performance.

In [2] the techniques of noise improvement in data converters are presented.
The data converters including ADCs and DACs work as interfaces between a DSP-
based system and the physical analog circuits. The ADCs and DACs are made from
basic circuit building blocks which face the design trade-offs between linearity,
noise and power consumption.

In [3], an approach for reducing the noises of analog signals from PCB is
presented. Noise in analog, digital systems, and analog noise in general, could be a
reason of serious problems in a number of applications. Analog circuits have to
deal with a range of noise sources. Some of them are unavoidable at the component
and board levels.

In [4], techniques reducing noises in ADC circuits are presented. The most
effective case of way for removing the noise is the use of a low-pass filter prior to
the ADC. Including by-pass capacitors, and also using a ground plane will
eliminate this type of noise. A third source of noise is radiated noise.

In [5], the importance of the noise reduction is presented. Most industrial
environments and laboratories contain abundant electrical-noise sources which
include AC power lines, radio and TV stations, and a variety of electronic
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equipment. Radio stations create a high-frequency noise, when computers and also
other electronic equipment generate noise in all frequency ranges.

In [6], the technique of low frequency noise reduction for linear analog
integrated circuits is presented. The evaluation of VLSI technology has reached to
the point where most of the transistors are integrated on a single chip. Where ICs
once filled the role of subsystem components, now integrate complete systems on-
a-chip by combining both digital and analog functions.

In [7], the noise reduction technique in ADC is presented. The ADC contains
control circuit and a capacitive digital-to-analog-converter (CDAC). The control
circuit is used for estimating the weight of the bit based on the first and second
digital code. The CDAC is configured to provide the first analog signal.

The proposed circuit of R-2R resistor ladder DAC. The method is tested
on a 4-bit R-2R DAC. When first inputs are on, and the current going to the output
resistor isn’t so high, the OpAmp has not a big difficulty with it, and the output
voltage hasn’t got noises. But the instantaneous increase of the current in the
resistor ladder leads to a little change in the negative input of the OpAmp, and the
output signal will have an INL error at low voltages. When high bit inputs are on a
big current importing a high output, voltage can make inconsistency with the gain
of OpAmp, so the high output voltage will have noise problems. The primary
circuit of the 4-bit R-2R resistor ladder DAC is shown in Fig.1.
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Fig. 1. The primary circuit of the 4-bit R-2R resistor ladder DAC (1 - OpAmp,
2 — transmission gate)
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The output characteristics of the primary R-2R DAC is shown in Fig.2.
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Fig.2. The output characteristics of a primary R-2R DAC

To make an accurate output signal in R-2R DAC, it is necessary to avoid big
currents in the feedback loop. So, instead of the resistor in the feedback connection
of OpAmp, a diode connected n-type transistor is used. The negative input of the
OpAmp is connected to another n-type transistor which is connected to the first
transistor with current mirror connection and also has a much bigger w-size than
the first transistor. So, the current from R-2R ladder is shared between the two
transistors.

The current that flows through the second transistor is much bigger than that
in the first transistor as it has bigger sizes, but its current is directly proportional to
the current of diode-connected transistor with a constant coefficient according to
the current mirror law. The second n-type transistor is connected to another current
mirror that consists of p-type transistors, which generate an accurate output voltage
on the output resistor. The optimized circuit of 4-bit R-2R DAC is shown in Fig.3.
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Fig.3. The optimized circuit of the 4-bit R-2R resistor ladder DAC (1 - OpAmp,
2 — transmission gate)
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The output characteristics of the optimized R-2R DAC is shown in Fig.4.
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Fig.4. The output characteristics of the optimized R-2R DAC
Simulation results. The main block of a 4-bit R-2R resistor ladder DAC is

designed. Simulations are performed using the HSPICE simulator (described in
[8]) for a number of PVT corners including 3 main conditions (TT, FF and SS

processes with respective voltage and temperature values). Here the results of the
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performed in the 32 nm technology. The primary circuit of the R-2R DAC designed
in 32 nm technology is shown in Fig.5. Vreft=-1 Vand VDD =2.5 V.
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Fig.5. The primary circuit of the 4-bit R-2R resistor ladder DAC circuit designed in 32 nm
technology (1 — OpAmp,, 2 — transmission gate, 3 - invertor)

The optimized circuit of the 4-bit R-2R resistor ladder DAC is shown in
Fig.6.
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Fig.6. The optimized circuit of the 4-bit R-2R resistor ladder DAC circuit designed in 32 nm
technology (1 — OpAmp, 2 — transmission gate, 3 - invertor)

The simulation results of the primary R-2R DAC is shown in Fig.7.
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Fig.7. The simulation results of the primary 4-bit R-2R resistor ladder DAC
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The simulation results of the optimized R-2R DAC is shown in Fig.8.
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Fig.8. The simulation results of the optimized 4-bit R-2R resistor ladder DAC

Conclusion. A new method for the noise reduction of the R-2R resistor ladder
DAC is presented. In difference with other DAC:s, it is very comfortable to reduce
the output noises by the current mirror as the working process of the R-2R DAC is
based on the output current. Experiments are carried out on the 4-bit R-2R DAC
designed in the 32nm technology using OpAmp, resistors, transmission gates and
invertors at the input pins. The supply voltage is 2.5 V and Vref which is input for
the R-2R ladder is -1 V. At the primary R-2R DAC, the maximum INL error is 0.2 V'
and the maximum noise error is 0.065 V. At the optimized R-2R DAC, the maximum
INL error is 0.02 ¥ and the maximum noise error is 0.005 V. Using the method, the
area increases with 7%. So, the method reduces the output noises and also fixes the
INL error on the output signal.
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2.U. RULULULBUL

R-2R [}6RPUSACUSPL UL HIPLNY, 9 U-ULULNFUSPL ONMUYGNP2b
BLL2USPL UNUNRYLEP LaULU ruNkhurt

Ukpjuyugdws E R-2R nkqhuninpughtt uwbinninpny pyw-wbwnquyhtt thnpawuplh-
snd ([0UD) Lpuyhtt wnuniyubpp bjuqbkgubint tnp Ukpnn: R-2R nkqhunnpuyhtt uwbnnin-
pny PUO-nud Ejpuyhtt wnunijutph hhdtwljut yquwnmdwnp oybpughnt mdtnupunh pk-
poipnitbpt nt ny hpbwulwt hwmnfuthoubpt Eu: Ununpughtt Yndphtiughugh gudp pytph
nypnud Jupnn k (hub) bpught jupmu’ wewbg wnuniyukph, puih np owykpughnt nidh-
nupuph pupdwi vppwputpp gusp Ejpuyht jupdw nhypnid swwn thnpp b Puyg gudn by-
puyhtt jupnudp Jupnn b (hul) dnunpwght ndphtiwughuyhtt ny hwdwpdtp jupnud, pwth np
own wiqud oy kipughnt nidkinupuph puguuwjut dntnph jupnidp nunwdnud £ 0 wp-
dtph pmpgp: Owtpuighntt mdtnwpuwph pupdp kpuyhtt jupnuip upny £ undtih d2qppn
1hub], puyg wytt Ynibbtw wyunijubp dnunpuyhtt jupnudubph mwppbpnipjuip hwdwuyw-
wnuwujuwung Ejpughtt jupdwt b R-2R vwunninphg EYynn hnuwtiph jupdwit dhob hwljwunt-
prul yuwndwneny: Lnp Ukpnnh oqunugnnpstint nhupnid, R-2R nkqhutinpuyhtt uvwtnninpny
UD-h Lipuyht jupnudp &ogphwn Yihtth dntnpuyghtt Yndphttmghuwh wdpnne whpnypend b
qpbpt sh niubbw wnunily: Uyqphwljub 4-phpuing, R-2R @UO-nud, npp twpuwgddws k32 &/
wnkunnghuyny, htinkgpuyy ny gduyhtt ujuwquiipp 0000 Untinpuyghtt Ynuphtiwghugh phugpnid
0,2 ', huly 0101 Uninpuht Ynuphtiwghugh nhypmu wnuniyh upewuipp 0,065 % Oupinh-
dwjugyus R-2R BUP-nd wnwybjugny hnkqpuy ny gdwyhtt uppwywpp 0.02 <« £ 0010
Untnpuyjhtt Yndphtughuyh pypnid, hull wnunifh wowybjugnyt vppwjwpnp 0001 dniwn-
puyhtt nuphughuyh phypnud’ 0.005 9 Oquiugnpstin] wyu Ukpnnp uubdwh dwljkpbup
Ubkswunid £ 7%-ny: Rutth np wyu phpnieiniup own thnpp k, unp dninkgnidp own bwpuptin-
phih £ oquiugnpsty R-2R nhighuninpuyhlt uwbmmnpny GUG-mu &ygnhun bppughtt wqruiipwi
unwbwnt hwdwnp:

Unwbgpuyhli punkp. U, hnuwlph huybih, oybpughnt nidnupup, hunbgpuy
ny gduyunipjwl uprwwp, opghy:
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A.A. BABAI’KAHSTH

MUWHHUMM3BALUSI ITYMA HA BBIXO/IE IU®POAHAJOIOBOI'O
IPEOBPA3OBATEJISI C R-2R PESUCTOPHOM IIEIIOYKOM

[TpesncTaBneH HOBBIA METO MUHMMH3AIMHU BBIXOJHBIX IIYMOB B IIM(POAHAIOTOBOM
npeobpaszoarene (LJAIT) ¢ R-2R pesucropHoit nienoukoil. OCHOBHOW MPUYMHOM BBIXOTHBIX
nrymoB B I{Alle ¢ R-2R pe3uctopHo# 11enouKoit sSBISIOTCS HEAOCTATKH U HeUJIealbHbIE Xa-
pakTepucTHKH oneparroHHoro ycwmrens (OY). B cnyyae HU3kuX nugp BXOIHOW KOMOH-
HaIlUM BEPOSITHO, YTO BBIXOAHOE HAIPSDKEHHE MOXKET OBITh 0€3 IIIyMOB, TaK KaK IOTPEIIHOCTh
Hanpspkerns Uit OY B ciydae HU3KOTO BBIXOJHOTO HalpsHKeHUs odeHb Mana. Ho Hu3koe
BBIXOZJHOE HAMPSDKEHHE MOKET OBITh HETOYHBIM, TOTOMY YTO B OOIIMX CITydasix HalpspKe-
nue 0 Ha oTpunarensHoM Bxoae OY dopmupyercst HeueTKo. Bricokoe BhIXOIHOE HampsiKe-
Hue OY Moxer ObITh 00JIee TOYHBIM, HO OHO Oy/€T MMETh LIyMbI M3-32 KOH(IMKTa MEXIy
HaNPsHKEHUEM, COOTBETCTBYIOILUM PA3HULIE BXOJHBIX HAMPSKEHUH, U HANPSHKEHUEM, COOT-
BETCTBYIOIIUM TOKY, IIOCTyHaromeMy oT 1enodku R-2R. Mcnonk3yst HOBBIA METO, BBIXOJI-
Hoe Hanpspkenue L{AII ¢ pesucropHoi nienoukoii R-2R Oyner TouHbIM BO BCeM AMaria3oHe
KOMOWHAIMH BXOJHBIX CUTHAJIOB M MOYTH HE OyJeT UMeTh IIyMOB. B niepBuuHOM 4-pazpsi-
HoM LIAII R-2R, pa3paboTraHHOM B TeXHOJIOTHH 32 KM, WHTETpATIbHAS OMIMOKA HETMHEHHOCTH
pu BxogHOH kKomOuHanmu 0000 cocrapnser 0,2 B, a mrymoBasi omrOKa Mpyu BXOJHOH KOM-
omnaru 0101 cocraBnser 0,065 B. B ontummsuposanHoM [[AIT R-2R makcumanpHas uH-
TerpansHas ommnbOka HenmHeHHOCTH cocTaBisieT 0,02 B B cirydae 0010 BXOOHBIX KOMOMHA-
Ui, a MaKCUMaJbHas mryMoBas omuoka cocrasister 0,005 B B cimydae 0001 BXOZHBIX KOM-
O6uHanuid. [Ipyu ncrnonbp30BaHNK METOa IUIONIA b CXeMbl yBenunBaeTcst Ha 7%. ITockoibKy
9TOT HEAOCTATOK OUEHb MaJl, HOBBII MOJXO0J BECbMA MPEANOYTUTENEH AJIs UCIOIb30BAHUS
B L1AII ¢ pe3uctopHoil nenoukoi R-2R 11 noay4eHus TOUHOro BBIXOJHOTO CUTHAJIA.

Kniouessle cnosa: undpoananoroBelii npeodpa3zoBarellb, 3epKajio TOKa, OIepalioH-
HBIIl yCUIINTENb, ONIMOKA UHTETPAJIbHON HEJIMHEHHOCTH, HHBEPTOD.

76



