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SUMMARY A new digital calibration scheme for a 14bit binary
weighted current-steering digital-to-analog converter (DAC) is presented.
This scheme uses a simple current comparator for the current measurement
instead of a high-resolution ADC. Therefore, a faster calibration cycle and
smaller additional circuits are possible compared to the scheme with the
high-resolution ADC. In the proposed calibration scheme, the lowest 8 bit
part of the DAC is used for both error correction and normal operation.
Therefore, the extra DACs required for calibration are only a 3 bit DAC
and a 6 bit DAC. Nevertheless, a large calibration range is achieved. Full
14 bit resolution is achieved with a small chip-area. The simulation results
show that DNL and INL after calibration are 0.26 LSB and 0.46 LSB, re-
spectively. They also show that the spurious free dynamic range is 83 dB
(57 dB) for signals of 24 kHz (98 MHz) at 200 Msps update rate.

key words: digital-to-analog converter, digital calibration, self-
calibration, high resolution

1. Introduction

For telecommunication applications, digital-to-analog con-
verters (DACs) with a resolution of 1014 bits at a conver-
sion rate of several hundred MS/s are required. To fulfill
such challenging specifications, current-steering DACs are
widely used at present. The resolution of a current-steering
DAC is limited by the mismatch of the elements that com-
pose the DAC’s current sources. Therefore, in order to ob-
tain a high resolution, it is necessary to control the mismatch
of the elements by enlarging their area. However, by in-
creasing their size the parasitic capacitances and the wiring
capacitances are augmented and the DAC’s resulting con-
version speed may not satisfy the desired specifications at
low power levels. Furthermore, increased area also means
increased cost; the area of the current-steering DAC should
therefore be kept small. A high speed, high resolution DAC
can be achieved by means of applying a calibration scheme
[11-[5].

Calibration schemes can be classified into two cate-
gories: analog calibration and digital calibration. Digital
calibration schemes can easily be applied to low supply volt-
age levels and to sub-micron processes.

This paper describes a digital calibration scheme. Dig-
ital calibration schemes measure the current value of each
current source and —by means of digital signal process-
ing—determine an appropriate value that will be added
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from a calibration DAC. To measure the values of each cur-
rent source, the use of an accurate high-resolution sigma-
delta analog-to-digital converter (ADC) has been proposed
[1]-[3]. This additional sigma-delta ADC enlarges the die-
area and therefore increases the cost of the chip. In addition,
calibration schemes using a sigma-delta ADC are slow due
to high over-sampling ratios. Such high over-sampling ra-
tios are required to achieve a high resolution. (In [2] for ex-
ample, the on-chip sigma-delta ADC’s over-sampling ratio
is 16384.)

To overcome these disadvantages, another scheme was
proposed in [4] using current comparators instead of the
high resolution ADC. In addition, this scheme chooses a
binary-weighted structure; the binary-weighted DAC (as op-
posed to the thermometer-decoded DAC) is more suitable
for digital calibration as there are fewer current sources that
need to be measured; this reduces the die-area of the mem-
ory and shortens the calibration time. However, the cali-
bration DAC is required at each current source of the MSB
array in [4]. This scheme therefore also enlarges the total
die area.

In this paper, a novel digital calibration scheme is pro-
posed that is applied to the binary-weighted DAC. This
scheme utilizes the LSB-part of the DAC for conversion as
well as for calibration. Consequently, the DAC’s total die
area is only marginally increased, and nevertheless high res-
olution is achieved. Although it is challenging to obtain a
good dynamic linearity at high frequencies using a binary
weighted DAC [6] (which is however more suitable for dig-
ital calibration), the dynamic properties of the DAC can be
greatly improved with the help of a conventional return-to-
zero circuit [2],[5]. To prove the effectiveness of a DAC
with such a calibration scheme, the circuit was realized in a
0.18 um CMOS process.

The paper is structured as follows: after this brief in-
troduction, the calibration algorithm is discussed in detail
in Sect.2. Simulation results are presented in Sect. 3. The
comparison with other digital calibration schemes is de-
scribed in Sect.4. Finally, the paper ends with some con-
clusions in Sect. 5.

2. The Calibration Scheme

The architecture of the proposed digitally calibrated DAC
is shown in Fig. 1. The calibration circuitry is segmented
into the following parts: “MAINDAC” (consisting of a 6 bit
“MSBDAC” and an 8 bit “LSBDAC”), “CALDAC” (3 bit),
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Fig.1  Block diagram of the proposed calibrated DAC.
o T°nt To self calibration scheme, the MSB dummy current source
,\:ir::)r Output (Icmspo) is calibrated before the 6 bit MSB current sources

Fig.2  The current source and the switches.

“SUBDAC” (6 bit), the current mirror array (6 bit), the cur-
rent comparator, and the calibration logic. Each DAC is
composed of the current-source array and the switches.

The current values in Fig. | indicate the nominal cur-
rents, with the MAINDAC’s LSB current being /. The MSB
array, the CAL array, the SUB array, and the current mir-
ror array each need to have one additional dummy current
source, which is of the same current value as each array’s
lowest current. All current sources and current mirrors are
composed of conventional low voltage cascodes.

The current-source and the switches are shown in
Fig.2. MI and M2 compose the current source and M3,
M4, M5 and M6 are the switches. During calibration, either
“Cala” or “Calb” is “high” and the others are “low.” During
normal conversion, either “Ina” or “Inb” is “high” and the
others are “low.”

The MSB array will be self-calibrated. In the proposed

(ImsBo-1MsBs)-
The MSB dummy current calibration is called “SUB

Calibration,” and the 6 bit MSB currents calibration is called
“MSB Calibration.” The deviation of the MSB dummy cur-
rent from its nominal value (2561) is 8y, and the deviations
from the nominal values for the 6 bit MSB currents are from
the lowest value to the highest 6y, 8, 03, d4, d5 and J.
The calibration flow described in Fig. 3 is as follows: in a
first step, the proposed digital calibration method obtains
the digitized value of the error current through the calibra-
tion current source using a current comparator. Next, this
value and an input value are processed in digital operation.
Hence the obtained value controls the DAC for conversion
and the DAC for calibration. Finally, the output value is cal-
ibrated.

2.1  Sub Calibration

The MSB dummy current source (Icmspo) has nominally the
same current as the sum of the LSB array and the CAL ar-
ray (ILsgs = 2561). However, due to mismatch, the current
sources are different in practice.

During “Sub Calibration,” the error current of Icvsgo,
09, will be determined.

The current error measurement method is similar to the
scheme in [4], but some details as explained below are dif-
ferent. Icmspo is compared with /j ggs, the sum of the LSB
array and the CAL array, using the current mirrors and the
current comparator. ¢y can be obtained as a 6bit digital
value by a 6-step successive approximation process utilizing
SUBDAUC, the current comparator output and the calibration
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Fig.4  The current comparator.

logic. Because current mirrors are used, the current com-
parator’s inputs do not need to be of very low impedance,
but it is still preferable. The current comparator circuit is
depicted in Fig.4. A common-gate stage is used as the
input-stage of the current comparator. The drains of M6 and
MBS determine the voltage at the gate of M1; this leads to a
voltage-current feedback. Thanks to this feedback structure,
the current-comparator has a very low input impedance. M4
and M5 introduce common-mode feedback. Both the cur-
rent comparator and the current mirrors can operate at a pre-
cision of 14 bits.
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The simplified Sub calibration circuit is shown in
Fig.5. For the measurement, the position of the switch is
changed twice, once for phase A and once for phase B. By
using two measurement results, d is obtained independently
of the current comparator offset (/gse¢) and the current mir-
rors’ mismatch (m) as shown in Eq. (3). ¢y is stored in a reg-
ister. During normal operation, the error current of Icmsgo
can be cancelled out with the correct switching of SUBDAC.

(1 +m) : 1=UcmsBo+IsuBB-+ofiset) : (ILsBs +IsUBB+)
(D

(1 + m)(ILsgs + 00 + IsuBa+) = IisBs + IsuBa- + Loffset

(1 + m)(ILss + IsuB+) = ILsBs + 00 + IsuBB- + lofiset

2

{ 1 : (1+m)=(cmsBo+1IsuBas) : (LsBs +1IsuBa- +offset)

_ (sua+ — Isusa-) — Ususs+ — Isus-)

2
Isusa — Isuss
L LU 3
2 (3)

6o

R

2.2  MSB Calibration

After “SUB Calibration,” the 6 bit MSB current source ar-
ray will be calibrated. At first, the error current of the low-
est MSB bit current (6;) will be obtained. The lowest MSB
current (Iyispo) is compared with Icvmspo using the current
mirrors and the current comparator. Then, SUBDAC op-
erates to cancel out §p. J; is obtained as a 11 bit digital
value by an 11-step successive approximation process uti-
lizing LSBDAC (8 bit) and CALDAC (3 bit) which are con-
trolled by the current comparator output and the calibration
logic. The simplified MSB calibration circuit for Iysgo is
shown in Fig. 6. The measurement is done twice, once in
phase A and once in phase B as in the case of “Sub Calibra-
tion.”

1:(1+m)=(ImsBo+IcaLa+) : (ILsBs +IcaLa- +Loffser)
(1+m):1=(ImsBo+IcaLB- +ofiser) : (ILsBs +IcaLB+)

4
(I+m)(ILsBs +01 +1caLa+) = ILsBs HlcaLa— + offset )
(I+m)(ILss +IcaLB+) = ILsBs 01 +IcALB- + ofrset
201 = —{(IcaLa+ — Icara-) — (cars+ — IcaLs-))
= —(IcaLa — IcaL) (6)

In the next phase, the error current of the second lowest
MSB current (6,) will be obtained. The second lowest MSB
current (/y;sg;) is compared with the sum of I sgs and Iyspo,
then d, is obtained as an 11bit digital value by 11-step suc-
cessive approximation process and using ¢; which was de-
termined before. The simplified MSB calibration circuit for
Ivisg) is shown in Fig. 7.

(1+m):1=(IvsB1 +IcaLB- +ofiser) : (ImsBo +ILsBs +IcALB+)

)

{1 :(1+m)=(IusB1 +1caLa+) : (Umseo +1isBs + IcaLa- +offset)
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N-1
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Z Ivisgi+1IsBs +IcALB+
i=0

In the same way, the error current of the other MSB cur-
rent sources can be determined with an 11-step successive
approximation process and with the previously determined
error currents for the lower MSBs, as shown in Eq. (12).
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(1 +m)2N I sps + On+1 + IcaLas)

N

_oN

= 2" sps + Z 0i + Icara- + Lofset
P

N
(1 +m)| 2V sps + Z 6; + IcarB+
=1
= 2V 1 sps + On+1 + IeaLs- + Loffset

11

N
20n+1 EZ 20;—{(IcaLa+—Icars-)—Ucare+ —IcaLs-)}
=1
N
=

20; — (caLa — Icaip) (12)

2.3 During Normal Operation

The architecture for the normal conversion is shown in
Fig. 8. Every MSB array error current is stored in a regis-
ter. Other than in a conventional DAC, where the 8 bit DAC

IEICE TRANS. ELECTRON., VOL.E90-C, NO.6 JUNE 2007

can produce output currents from O to 2557, this converter’s
8 bit LSB ranges from 0 to 511/. This is because the MSB
dummy current source is used for the 8 bit LSB conversion.
If the MSB array current sources have no error, 8 bit LSB
will range from 1281 to 3831. Therefore, the MSB array can
be calibrated in the large range of —1281 to +1281.

In the proposed calibration architecture, the format
of the digital input has to be converted into “two’s com-
plement” format because digital signal processing is per-
formed. The relation between the DAC digital format and
twos complement format is given in Table 1. The DAC in-
puts are divided into the 6 bit MSB data and the 8 bit LSB
data. The 6 bit MSB data is used as the input to the six MSB
switches and six selectors. If the Nth selector’s input is 0,
the Nth selector’s output is 0, and if the Nth selector’s in-
put is 1, the Nth selector’s output is 26y. All six selectors’
outputs are 11 bit digital data. The LSB data is changed to
11 bit data by adding 3’b000 to the lowest 3 bits. Then, the
format of LSB data is converted to twos complement. They
are added to six selector’s outputs and the format of its result
(12 bit) is again converted back to the DAC format. The con-

1:1+m verted 12 bit data is used for the MSB dummy switch (1 bit),
P . the LSB switches (8 bit) and the CAL switches (3 bit) from
Vbp L, oot most significant bit to lowest. Either +8p or —dy is used as
© T % Al CALLOGIC
* (ADDER,SAR)
MEMORY 11+1bit.
Table 1  The relation of the format.
l decimal value DAC format twos complement
l 8'd-128 8’b00000000 8’b10000000
AQoB BopA BopA SUBDAC 8'd-127 8'b00000001 8'b10000001
haseA:- § ~ ~ ~
LSB,CALDAC sh:z:B:+6g
8'd0 8’b10000000 8'b00000000
lr\;&n lM;m I(;ASE!D - = -
(F2lspst 05 Clisget O )(=lsast 8 0) 8'd126 8'b11111110 8'b01111110
Fig.7  MSB calibration circuit for Iysgi . 8'd127 8b11111111 8'b01111111
DFF DFF DFF DFF DFF DFF
[ [13:0] -266(11b) || -265(11b) || =264 (11b) || =265 (11b) || -26,(11b) || -26,(11b)
nput[13: AR DU U W U U | |
Input[7:0]] B 121 | 0| [[ro] | [fe1 | |(8]
Input[13:8] DAC format Select Select I Sel Qelent: Qalant
to (0)or(-26¢6) || @ or(-265) || (0)or(-264) || (0)or(-263) || (0)or(-262) || (0)or(-264)
twos t format
I | | | | | |
Adder (input 11bit,output12bit)
{Input [7:0] ,3'b000} + {(-26 1) or (0)} +{(-26 2) or (0) } + {(-263) or (0) }
+{(-264)0r(0)} +{(-26 5 or(0)} + {(-26¢) or (0) }
[
twos complement format
to
DAC format
Adder{11] T
DFF
6, (6b) Adder[10:3] Adder[2:0]
I
Selector
(60)or (=60
MSBDUMMY
MSBSWITCH LSBSWITCH CALSWITCH
(6b) sv(l”)t):H SUBSWITCH (6b) (&) (3b)

Fig.8

Block diagram during normal conversion.
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the input of the SUB switches (6 bit) depending on the MSB
dummy switch.

Because all the error currents are added in the cur-
rent correction, they should be digitized with at least two
extra bits compared to LSBDAC. If they are digitized too
coarsely, the quantization errors are accumulated and cause
a large INL. Therefore, CALDAC should have the smallest
current within the range of the LSB of LSBDAC and CAL-
DAC together.

For this reason, MSBDAC is calibrated to 1/8 LSB and
CALDAC is decided to be of 3 bit resolution. In the con-
ventional calibration, a large calibration range leads to a
large CALDAC area at the cost of a small calibrated MS-
BDAC area. However, in the proposed scheme, 8 bit LSB-
DAC is used for the current correction and the large calibra-
tion range (11 bit) is realized by CALDAC with only 3 bit
resolution.

MAINDAC (LSBDAC) is used for current correction
in addition to the normal conversion by adding input data
(8 bit LSB data) to the error currents of 6 bit MSB array. Al-
though the proposed digital calibration method requires the
extra parts CALDAC, SUBDAC as well as the MSB dummy
current source, the increase in area for this large calibration
range is actually very small. The area of the current sources
of CALDAC is only about 1/256 of the area required for the
current sources of LSBDAC and 1/16 of the area for SUB-
DAC. The area of the MSB dummy current source is only
about 1/64 of that of MSBDAC. To achieve 14 bit linearity
without any calibration, the total current source area would
be increased 128 times.

In the scheme of [4], the current correction was real-
ized thorough the bias voltage of the current source. There-
fore, each of the calibrated current sources needs a calibra-
tion DAC. This leads to the increase of the number of the
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calibration DACs. On the other hand, in this proposed cal-
ibration scheme the current correction is done at the output
node. Because the error currents are merged in the digital
domain and LSBDAC is used for the error correction, the
additional calibration DAC area is very small.

3. Simulation Results

The proposed self-calibration architecture is realized in a
0.18 um CMOS technology; the supply-voltage is 1.8 V.
The simulations have been done using Verilog-AMS. The
transistor-level models were used for all analog circuits such
as the current sources, the switches, the current mirrors, and
the current comparator in the simulation. On the other hand,
the Verilog functional models were used for the digital cir-
cuits related to calibration. Mismatch currents were added
based on Monte Carlo simulations.

The results of the Monte Carlo simulations are shown
in Fig. 9. The standard deviation of the unit current of LS-
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Fig.9  The results of the Monte Carlo simulations of the current source.
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BDAC (=0(I spo)/ILsBo) is 0.00522, and the standard devi-
ation of the unit current of MSBDAC (=0 (Ivsgo)/IMmsgo) 1S
0.00269.

DNL and INL profiles before calibration are presented
in Fig. 10. DNL and INL before calibration are 6.80 LSB
and 6.02 LSB, respectively. The linearity degrades in
the codes where the MSB dummy switch and MSB ar-
ray switches change due to current mismatches. Figure 8
shows that the linearity before calibration achieves only
about 10 bit resolution. After calibration, DNL and INL are
reduced to 0.26 LSB and 0.46 LSB, as shown in Fig. 11. The
results indicate that the linearity improves by the proposed
digital calibration architecture and 14 bit level is achieved.
Figures 12 and 13 show the output spectrum after calibra-
tion at 200 Msps update rate for 24 kHz and 98 MHz input
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DNL and INL profiles after calibration.
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Output spectrum with an input signal frequency of (a) 24 kHz, (b) 98 MHz.

signal frequencies, respectively. The SFDR of the DAC are
83 dBc at 24 kHz and 57 dBc at 98 MHz. The SFDR perfor-
mance degrades by the glitches and the feedthrough of the
switches. However, by adding a simple return-to-zero cir-
cuit to the output of the DAC, the SFDR could be improved
significantly.

4. Comparison with Other Digital Calibration Schemes

The comparison of the proposed digital calibration archi-
tecture with other digital calibration techniques is shown in
Table 2. Using a current comparator for current error mea-
surements, as is done in this scheme, leads to a small area
and low cost compared to other schemes using XA-ADCs.
In addition, the extra DACs required for calibration are only
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Table2  Comparison of digital calibration.
Reference CAL ADC CAL DAC Memory | MSBbit CALbit Area Power Max. Update Rate
Off Chip 16bit 16.7mW
X 2
[1] S A ADC 8bDAC+6bDAC 8X63 6b 8b 0.1mm @100Msps 180MSps
On Chip 180mW
X 2
[2] S A ADC 12bDAC 12X%15 4b 12b 11.8mm @100MSps 200MSps
On Chip ,
[3] S A ADG 8bDAC X 16 8X%X16 4b 8b 2.88mm 105mW 150MSps
[4] Current 6bDAC X 4 6x 4 4b 6b Tmm? 20mW 100MSps
Comparator
This Work | CU®t 3 pac+ebpac| 11x6 6b 11b 0.7mm? 2imW 200MSps
Comparator (analog) (simulation)

740um

900um
The proposed calibrated DAC layout.

Fig. 13

the 6 bit “SUBDAC” and the 3 bit “CALDAC,” which are
smaller than what the other groups use. The DAC reported
in [1] has a smaller die area, however, it needs an off chip
16 bit XA ADC.

Both the 6 corrected current sources (“MSBbit”) and
the 11 bit calibration range (“CALDit”) are large. Therefore,
the area of “MAINDAC” can also become smaller. The pro-
posed calibrated DAC area is estimated carefully from lay-
out and synthesis as shown in Fig. 13. This small area leads
to low power consumption and fast sampling rate.

5. Conclusions

A new digital calibration scheme for a current-steering
DAC has been proposed. This scheme has been applied
to a binary-weighted DAC which is—due to the minimal
number of current-sources — most suitable for a fast digi-
tal calibration. Because this scheme uses a simple current
comparator for the current measurement instead of a high-
resolution ADC, a fast calibration cycle was attained and the
additional circuitry could be kept minimal. Furthermore, us-
ing the LSB part of the DAC for both the error correction
scheme as well as for the normal conversion, leads to a min-
imal increase of die-area. The additional circuits required
for the digital calibration are only a 6 bit DAC and a 3 bit

DAC. Nevertheless, the calibration range is large compared
to other calibration techniques described in the literature:
from —128 LSB to +128 LSB.

Simulation results have revealed that the proposed digi-
tal calibration scheme can be used to achieve full 14 bit static
accuracy. Before calibration, DNL and INL are 6.80 LSB
and 6.02 LSB, respectively. After calibration, both DNL
and INL are greatly improved to 0.26 LSB and 0.46 LSB,
respectively.
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