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A HIGH-LINEAR DIGITAL-TO-ANALOG CONVERTER USING THE
SWITCHED-CAPACITOR TECHNIQUE

A high-linear digital-to-analog converter (DAC) with high accurate compensation is
presented. The proposed architecture produces ~70% differential nonlinearity (DNL)
compensation compared with the classic DAC structure. This method provides high
compensation over the process, voltage and temperature (PVT) variation. The system
consists of operational amplifier with negative feedback and linearity compensation circuit
(using current controlled oscillator, switched-capacitor and current sources). This kind of
DAC architectures can be used in System-On-Chips where data conversion needs to be
implemented with high accuracy.

Keywords: digital-to-analog converter, switched-capacitors, current-controlled
oscillator, current sources, operational amplifier.

Introduction. A classical digital-to-analog converter (DAC) design [1]
consists of a resistor’s string or current sources whose mismatch includes non-
linearity in the whole system. The process, voltage or temperature dependency of
integrated elements brings errors between the target and real voltages of the DAC
output. This causes a conversion error which finally increases the data error.

Compensation circuits are widely used in the process dependent architectures.
In modern integrated circuits (IC), two mechanisms are mainly used to achieve the
process mismatch compensation. One mechanism is using negative feedback
systems, which dynamically correct the process, voltage and temperature (PVT)
shifts and improve the linearity of the system. In this method the high gain amplifiers
in current or voltage negative feedback are mainly used. Other mechanism uses
replica of some parts of circuits with negative impacts. This helps to compensate
variations and improve the system performance.

In some of the systems, these two mechanisms can be used simultaneously.

General parameters of a current-controlled oscillator (CCO) and a
switched-capacitor (SC). A current controlled oscillator (CCO [2]) is a system
that generates a periodical signal whose frequency depends on the input current.
The important parameter of the CCO is the linear relationship between the control
current and frequency. A classical CCO consists of delay cell stages (Fig. 1) whose
propagation delay depends on the current, so frequency can be adjusted by
changing the current.
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Fig. 1. Ring Oscillator
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The transfer function of the CCO is:

fout = fo + Kcco * Leerts (2)

where f; is the quiescent frequency of the oscillator and Kcco denotes the gain of
the CCO.

A switched-capacitor (SC) (Fig. 2) circuit is used to eliminate the resistors
by replacing those elements with capacitors and switches [3]. Also, it can be used in
compensation circuits using the fact that the value of the equivalent resistor (Fig. 3)
can be changed by changing the frequency and capacitance.
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Fig. 2. SC circuit Fig. 3. Equivalent resistor

A capacitor charged to V1 and then to V, during each clock period (T):

AQ = C = (V; —1y). 3)
The equivalent average current is
AQ Cx(V1—V.
Iavg =T = % (4)

For the equivalent resistor circuit

V-V,
log = =2, ()

eq
So equating equations (4) and (5), the resistor value is:
T 1

quEZfTC- (6)

R
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The main principle of linearization of the DAC. Compensation method is
shown in Fig. 4.
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Fig. 4. A block diagram of the proposed compensation method

A current steering DAC [2] controls the CCO output frequency. The replica
of the DAC is also used for creating output voltage. From (6) the equivalent
resistor's value is inversely proportional to frequency. Due to PVT dependency, the
current of the current steering DAC can be changed and the current of the replica
DAC will be changed in the same amount. That will inversely affect on Req, but as
the output voltage consists of those two components, it brings good compensation
dependent on various technologies.

Non-overlapping
signalsgenerator

Fig. 5. The proposed DAC circuit
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The working principle of the proposed DAC (Fig. 5) is as follows: changing
the Dy, D, ... Dn-1c0des, the overall current increases, thus increasing the frequency of
CCO, and decreasing the equivalent resistance. The output voltage is equal:

Voutctrt = Lsum * Req- (7)

The compensation mechanism can be shown by getting the final transfer
function, depending on the digital binary code:

legr = Zévzo(Di * 1), (8)

fi = fo+ Keco 2ieo(Di ¥ I;) 9)
N ]

Vour = 2i=00iel) (10)

C[fo+Kcco Z oD 1)

The overall response of the system is the ratio of the slopes of CCO’s and
DAC currents. Choosing the correct value of slopes, the overall response exhibits a
clear linear response (Fig. 6).

I

Fig. 6. Current, frequency and overall response dependency on the code

The simulation results. The proposed DAC architecture without compensation
and with compensation has been designed with “SAED32nm” [4] library and
simulated with HSPICE simulator [5]. The simulation results are shown in Fig. 7.
In dotted line shown the results with compensation.

76



08

08

o7

)

08

03

Fig. 7. Compensation impact

Below is presented a table for the 3 main bound corners for the DNL param-eter
of DAC with and without compensation circuit compared with R-2R DAC [6] and
segmented R-1 hybrid DAC [7].

Table
DNL (LSB)
Corners Without With R-2R Segmented

compensation | compensation DAC R-1

[6] [7]

TT, 25°C 1,03 0,25 0,33 6,38
SS, -40°C 1,15 0,4 n/a n/a
FF, 125°C 1,07 0,12 n/a n/a

Conclusion. This paper proposes a high-linear DAC which has a higher
accuracy data conversion than R-2R DAC [6] and Segmented R-1 hybrid [7].
Matching the current sources and their replicas, using metal capacitors in SC and
operational amplifier (OPAMP) in negative feedback together, creating very high
compensation of nonlinearity and improving data conversion accuracy is carried out.

The existing CCO (or VCO), OPAMP in almost all kinds of high-speed
communication systems makes the use of this method very straightforward.

Compared with DACs from [6] and [7], the advantages of this DAC are high
accuracy and linearity, while the drawback is the larger and higher power
consumption.
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ONULRUSINN, UNULIELUUSNI UG UbMUNUUUR UGO
Q0USLNPE3UULR 0 U-ULULNQUSHL QB4 UPNIVHI

Lhkpjuyugdws k Uks gduyyinipjudp b onimipjut ks jndykuumghnidny pdw-wbw-
Inqujhtt dtwthnjuhy (BUR): Unwewplynn Swpunupuybnnpmiip, hwdbdwnws puuuljut
UR-h htiin, wwyuhnymu k nhbtpkughw) ns-qduyimpjut yyupwdtnph dhtgh 70% Yndw k-
uwgnid: Ukpnnt wywhnynid k bwl dbks Yndybiuwgnid gnpépuipuighg, jupnidhg b obipu-
wunphfuithg wiuwp: Unwewnlynn hwdwlupgp punugus k puguuufjui hbnwnupd
Jwwny owkpughnt mdbqupuphg b gdwjinipyniip Yndybtuwging upbdwghg (Guqujws
hnuwtpny nEljudupynn gkukpunnnphg, thnjuwigwinynn Yntnkiuunnphg b hnuwtiph wnp-
jniphg): Uju @UKQ-p Yupnn E oqunugnpéyk) wjt vhwpmnipkn hwdwljupgbpniud, npinkn yuw-
hwtgynid E myujiiph dAblwhnjudwi Ubs £ounnipinii:

Unwiigpuyhll punkp. pu-wtwnquihtt diwthnjuhy, thnpuwownynn Ynunkiuwnnp,
hnuwpny nEjwqupyny ghubpwinnp, hnuwtiph wnpmip, oybkpughnt nidbnupun:
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B.IIIl. MEJIMKSIH, A.I'. LINIIIMAHSH, A.C. CAAKSAH, I1.C. TPAATSH

HUPPOAHAJIOTOBbII TPEOBPA3OBATEJIb C BBICOKOM
JUHEAHOCTBIO C NIPUMEHEHUEM NEPEKJIIOYAEMbIX
KOHAEHCATOPOB

[MpencraBnen mudpoananoroseiii npeodpasosarens (LJAIT) ¢ BbICOKOH THHEHHOCTHIO
1 OoJIbIION KoMIeHcanued TouHocTu. [Ipemnaraemast apXUTeKTypa, 10 CpaBHEHHIO C KIIACCH-
gyeckuM [[AIl, obecnieunBaer 10 ~70% kommeHcanuu quddepeHnuanbHON HeTHHEHHOCTH.
JanHbIil MeTox Takke obecrednBaeT OOJBIIYI0 KOMIEHCAIMIO HE3aBUCHMO OT BapHaIMH
Ipoliecca, HAMPsDKEHNS MUTAaHKS U TemriepaTypbl. CucTeMa COCTOMUT M3 ONEPALIHOHHOTO YCH-
JUTEIISE C OTPULIATEIIBHON 0OPAaTHOM CBA3BIO M CXEMBI KOMIIEHCAIIMK JIMHEIHOCTH (COCTOSIIEH
U3 TeHepaTopa, YIPaBIIeMOro TOKOM, IEPEKIF0YaeMBIX KOHJICHCATOPOB M NCTOYHUKA TOKA).
IIpencrasmennsiii LIATT MoxeT OBITH UCTIONBF30BAH B CUCTEMAax Ha KPHUCTAJUIE, T/Ie TpeOyeTcs
6osee BpICOKAst TOUHOCTH TPE0OPa30BAHUS TaHHBIX.

Kniouesvie crosa: nudpoananoroselii mpeooOpa3zoBaTeb, MEPEKIIOYaeMblil KOHACH-
caTop, TeHepaTop, yNpaBlIsieMblif TOKOM, HICTOUHHUK TOKA, OTIEPAallMOHHbIA YCUIUTENb.

79



