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DIGITAL-TO-ANALOG CONVERTER (DAC)
CIRCUIT AND WEIGHT ERROR
ESTIMATION/CALIBRATION METHOD
THEREOF

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention
[0002] The present invention relates to a high-resolution
data converter, particularly to a calibration method towards a
high-resolution data converter.
[0003] 2. Description of the Related Art
[0004] A U.S. Pat. No. 7,893,853 disclosed a “DAC varia-
tion-tracking calibration” technology, which uses a set of
LSB (Least-Significant Bit) dummy cells to calculate the sum
of the LSBs as a standard value and compares the standard
value with each MSB (Most-Significant Bit), and which cali-
brates the value of each MSB to approximate the standard
value by adjusting the output of the sub-DAC in each MSB.
However, the prior art has a disadvantage of a large area
overhead because it costs an additional sub-DAC for each
MSB.
[0005] Y. Cong and R. Geiger published in IEEE J. Solid-
State Circuit vol. 38, pp. 2051-2059, December 2003 a paper
“A 1.5-V 14-b 100 MS/s Self-Calibrated DAC,” wherein a
high-resolution 16-bit ADC is used to calibrate a 14-bit DAC.
During booting, the prior art uses a high-resolution ADC to
estimate the errors of the MSB current sources of the DAC
one by one in a foreground calibration mode. Then, the esti-
mated errors of the MSB current sources are used to compute
the calibrated outputs. The prior art has two disadvantages:
[0006] 1. The resolution of the ADC must be at least 2-bit
higher than that of the DAC,,, 7 resulting in a requirement
of a pretty high-resolution ADC. Therefore, the prior art
needs a very complicated circuit.
[0007] 2. The area of the required high-resolution ADC is
much larger than that of the DAC itself
[0008] Yusuke Ikeda, Matthias Frey, and Akira Matsuzawa
published in IEEE Asian Solid-State Circuit Conference Nov.
12-14, 2007 a paper “A 14-bit 100 MS/s Digitally Calibrated
Binary-Weighted Current-Steering CMOS DAC without
Calibration ADC,” wherein a 8-bit sub-DAC and 3 calibration
bits are used to calibrate a main-DAC. The errors of the
current sources in the main-DAC are estimated as a fore-
ground calibration method does during booting and then are
used to compute the calibrated outputs. The disadvantage of
the prior art is requiring a sub-DAC and additional calibration
bits, which increases the area overhead and the complexity of
the circuit design.
[0009] T. Chen and G. Gielen published in IEEE J. Solid-
State Circuit, vol. 42, No. 11, pp. 2386-2394, November 2007
a paper “A 14-bit 200-MHz Current-Steering DAC with
Switching-Sequence Post-Adjustment Calibration,” wherein
a current comparator is used to compare the current values of
the MSB current sources, and digital control circuits sort the
MSB current sources by their current values and rearrange the
switching sequence of the MSB current sources. By pairing a
small current source with a large one, the output current can
approximate an average value to reduce the output error.
However, the prior art requires a great amount of digital
control circuits to sort the current sources and rearrange the
switching sequence.
[0010] According to the discussion above, a great area
overhead and high design complexity are the main issues for
design high-resolution data converters.
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SUMMARY OF THE INVENTION

[0011] One objective of the present invention is to provide
a digital-to-analog converter (DAC) circuit, wherein a fire-
new dynamic conversion cell partition mechanism is used to
estimate the actual weights of the unknown weight conver-
sion cells, and wherein the actual weights of the conversion
cells are used to calibrate the output of the DAC circuit,
whereby the yield and performance of a high-resolution data
converter can be enhanced.

[0012] Inone embodiment, the DAC circuit of the present
invention comprises P pieces of conversion cells, an output
switching circuit, an analog-to-digital converter (ADC), a
digital controller, and a calibration memory, wherein the P
pieces of conversion cells comprise A pieces of known weight
conversion cells and (P-A) pieces of unknown weight con-
version cells.

[0013] The output switching circuit electrically connects
with the P pieces of conversion cells and receives the output
of each conversion cell. In an error estimation mode, the
output switching circuit dynamically selects N pieces of con-
version cells as a reference conversion cell group from the P
pieces of conversion cells according to digital control signals
of a reference group, and generates a reference output (Ir)
proportionally according to the digital control signals of the
reference group. The reference conversion cell group at least
contains the A pieces of the known weight conversion cells.
The output switching circuit also dynamically selects at least
one unknown weight conversion cell as a pre-calibration con-
version cell group from the (P-A) pieces of unknown weight
conversion cells according to digital control signals of a pre-
calibration group, and generates a pre-calibration output (Ic).
The pre-calibration output (Ic) is smaller than the maximum
of the reference output (Ir).

[0014] TheADC,, ,such asacomparator, generates a digi-
tal calibration signal (Do) according to the difference of the
reference output (Ir) and the pre-calibration output (Ic). The
digital controller electrically connects with the ADC and the
output switching circuit and generates the digital control sig-
nals of the reference group and the digital control signals of
the pre-calibration group to make the reference output (Ir)
approximate the pre-calibration output (Ic). After receiving
the digital calibration signal (Do) generated in the approxi-
mation process, the digital controller generates a digital
weight output. The digital weight output is used to establish a
weight table. According to the weight table, the digital con-
troller works out the actual digital weight of each unknown
weight conversion cell. The calibration memory electrically
connects with the digital controller and stores the actual digi-
tal weights of the unknown weight conversion cells, which
the digital controller works out according to the weight table.

[0015] Inother embodiments, the weights ofthe A pieces of
the known weight conversion cells increase exponentially
with base 2. The nominal output weights of the unknown
weight conversion cells are identical or increase exponen-
tially with base 2. The digital weight outputs of the weight
table are obtained via selecting N pieces of different conver-
sion cells to form different reference conversion cell groups.
In a normal conversion mode, the digital controller is
designed to receive a digital input signal and control the
output switching circuit to generate a calibrated analog output
according to the contents of the calibration memory. In one
embodiment, the reference output (Ir) and the pre-calibration
output (Ic) are differential signals.
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[0016] Another objective of the present invention is to pro-
vide a weight error estimation method for a DAC circuit to
cooperate with the abovementioned DAC circuit to overcome
the static nonlinear effect caused by process variations.

[0017] In one embodiment, the weight error estimation
method fora DAC circuit is used to estimate the actual weight
of the pre-calibration output (Ic) of the abovementioned DAC
circuit and comprises the following steps: selecting M pieces
of different pre-calibration conversion cell groups to generate
M pieces of different pre-calibration outputs, wherein M is
greater than or equal to (P-A); using a successive approxima-
tion method to perform estimation, and adjusting the digital
control signals of the reference group to make the reference
output (Ir) successively approximate the pre-calibration out-
put (Ic), and working out the digital weight output of the
pre-calibration output (Ic); using the digital weight output of
the pre-calibration output (Ic) to establish a weight table,
repeating the abovementioned process until the digital con-
troller can work out the actual digital weight of each unknown
weight conversion cell according to the weight table, and
storing the actual digital weights of the unknown weight
conversion cells in the calibration memory.

[0018] In other embodiments, while the weight error esti-
mation method for a DAC circuit uses the successive approxi-
mation method to estimate the outputs (1,55 1~I5455 ) 0fM
pieces of pre-calibration conversion cell groups one by one, it
makes use of the A pieces of known weight conversion cells
of the reference conversion cell groups and a portion of the
(P-A) pieces of unknown weight conversion cells. During
estimation, the digital controller uses a plurality of sets of
simultaneous equations corresponding to the contents of the
weight table to work out the actual digital weights of the
(P-A) pieces of unknown weight conversion cells. The refer-
ence output (Ir) and the pre-calibration output (Ic) can be
either differential or single-ended signals. The (P-A)
unknown weight conversion cells are thermometer coded and
provide outputs for the pre-calibration conversion cell groups
to function as the pre-calibration output (Ic). In one embodi-
ment, the M pieces of pre-calibration conversion cells are
used to form two identical groups; the weight outputs of each
group of conversion cells increase exponentially with base 2;
thus, there are 2M pieces of outputs of pre-calibration con-
version cell groups to function as the pre-calibration output
Ic. Each output (I,55 1~Iasss_ar) of the unknown weight
conversion cells are partitioned into at least two lower weight
outputs to guarantee that the smallest output of the pre-cali-
bration conversion cell groups is not greater than the maxi-
mum of the reference output. In the abovementioned parti-
tion, each output (I,,55 ,,) is partitioned into at least two
pre-calibration outputs (I ;7 0., ), and each pre-calibration
output satisfies the following equation:

N1
Ieyr monsZizo Ir

wherein2,_,""'1, is the maximum reference output generated
by N pieces of the reference conversion cell groups, and I, is
the least weight output of the conversion cells. Al-77 0.1 18
the difference between the actual and ideal values of the
pre-calibration output (Icprp mo,1)- Alepr o, absolutely
smaller than 0. Thereby, the reference output %, ;V'd,I,
provided by N pieces of conversion cells is sufficient to esti-
mate the actual digital weights of the pre-calibration outputs,
wherein d, is the digital control signal of the reference group.

[0019]  Another objective of the present invention is to pro-
vide a weight error calibration method for a DAC circuit,
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which cooperates with the abovementioned DAC circuit, and
which can reduce the area and complexity of the calibration
cireuits.
[0020] In one embodiment, the weight error calibration
method fora DAC circuitis used to calibrate the outputs of the
pre-calibration conversion cell groups in the abovementioned
DAC circuit and comprises the following steps: using the
actual weight table stored in the calibration memory to
modify the digital control signals of the conversion cells;
using the modified digital control signals of the pre-calibra-
tion conversion cell groups and the reference conversion cell
groups to drive the conversion cells to generate the calibrated
outputs of the DAC circuit, and calibrating the output errors of
the (P-A) unknown weight conversion cells.

[0021] A DACcircuitis normally composed ofa set of cells

respectively having different weights. The precision of the

DAC circuit depends on the accuracy of the proportions of the

weights of the cells. Therefore, the present invention pro-

poses a DAC circuit and a weight error estimation/calibration
method thereof, which dynamically partitions the higher
weight cells and uses the LSB cells of the original DAC
circuit to estimate the weight errors of the higher weight cells
and obtain the digital errors thereof, only using few additional
circuits. The results obtained by the method of the present

invention can be used to calibrate the weight proportions of a

DAC circuit and enhance the precision thereof. Compared

with the prior arts, the present invention has the following

advantages:

[0022] 1. The present invention effectively reduces circuit
area and design complexity.

[0023] 2. The present invention does not need replicate
LSB cells but reuses the LSB cells of the original circuit as
the reference group. Therefore, the present invention is
exempted from the mismatch between the replicate LSB
cells and the LSB cells of the original circuit.

[0024] 3. The present invention can decrease the weight
errors caused by process variations and thus can enhance
the yield and performance of DAC circuits.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] To make easily understood the objectives, charac-
teristics, and advantages of the present invention, embodi-
ments are described in detail in cooperation with drawings,
which are briefly outlined below.

[0026] FIG. 1 schematically shows the structure of a DAC
circuit 200 according to one embodiment of the present
invention;

[0027] FIG. 2 schematically shows the partition of the con-
version cells shown in FIG. 1;

[0028] FIGS. 3A-3H schematically show the operation of
the DAC circuit 200 shown in FIG. 2;

[0029] FIG. 4 schematically shows the structure of a DAC
circuit 300 according to another embodiment of the present
invention;

[0030] FIG.5A and FIG. 5B schematically show the opera-
tion of the DAC circuit 300 shown in FIG. 4;

[0031] FIG. 6 schematically shows the structure of a DAC
circuit 100 according to yet another embodiment of the
present invention;

[0032] FIG. 7A schematically shows the structure of the
LSB cell array 111 shown in FIG. 6

[0033] FIG. 7B schematically shows the structure of the
MSB cell array 112 shown in FIG. 6; and
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[0034] FIG. 8 schematically shows the partition of the cur-
rents of the high weight current source cells in FIG. 6.

DETAILED DESCRIPTION OF THE INVENTION

[0035] The present invention is applicable to various
DACs. Conventionally, a 14-bit DAC is realized with 14
pieces of binary-weighted conversion cells (I .5, -I~s,4). The
output weights of the conversion cells are increased exponen-
tially with base 2, i.e. Io;=2xI g, Ioes=2"%Irsrs - - - 5
Ips14s=2%I ;. In practice, the conversion cells having
higher weights (such as I -l ~,4) are more likely to have
more significant weight errors than the conversion cells hav-
ing lower weights (such as I g -Iss) Thus, the weights of
conversion cells having higher weights cannot be exactly
base-2 exponents. Consequently, the DAC is likely to have
poor linearity. Therefore, the present invention undertakes
foreground calibration to calibrate the weight error of each
DAC conversion cell having a higher weight.

[0036] Herein, a single-ended switched-capacitor type
DAC is used to demonstrate the present invention. Refer to
FIG. 1, a diagram schematically showing a DAC circuit 200
according to one embodiment of the present invention. The
DAC circuit 200 may be partitioned into several interactive
blocks according to the functions thereof, comprising P
pieces of conversion cells 210, an output switching circuit
220, a comparator 230, a digital controller 240, and a calibra-
tion memory 250. The P pieces of conversion cells 210 con-
tains A pieces of known weight conversion cells and (P-A)
pieces of unknown weight conversion cells. The output
switching circuit 220 includes a plurality of switches. The
output switching circuit 220 electrically connects with the P
pieces of conversion cells 210 and receives the output of each
conversion cell 210. In an error estimation mode, the output
switching circuit 220 dynamically selects N pieces of conver-
sion cells as a reference conversion cell group from the P
pieces of conversion cells 210 according to the digital control
signals of a reference group, wherein the reference conver-
sion cell group atleast contains the A pieces of known weight
conversion cells and outputs a reference output Ir according
to the digital control signals of the reference group. The
output switching circuit 220 also dynamically selects at least
one unknown weight conversion cell as a pre-calibration con-
version cell group from the (P-A) pieces of unknown weight
conversion cells according to the digital control signals of a
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pre-calibration group. The output switching circuit 220 also
outputs a pre-calibration output Ic, which must be smaller
than the maximum value of the reference output Ir. An ADC
digitalizes the difference of the reference output Ir and the
pre-calibration output Ic to generate a digital calibration sig-
nal Do. Herein, the ADC is exemplified by the comparator
230, which compares the reference output Ir and the pre-
calibration output Ic (such as Ir-Ie=Vref-Vdac shown in
FIG. 1) to generate the digital calibration signal Do and
outputs it to the digital controller 240. The digital controller
240 electrically connects with the comparator 230 and the
output switching circuit 220 and generates the digital control
signals (dc) of the reference group and the pre-calibration
group. After receiving the digital calibration signal Do, the
digital controller 240 generates a digital weight output. The
digital weight outputs are used to establish a weight table. The
digital controller 240 works out the actual weight of each
unknown conversion cell according to the weight table. The
calibration memory 250 electrically connects with the digital
controller 240 and stores the actual weights of the unknown
weight conversion cells, which the digital controller 240
works out according to the weight table.

[0037] Refer to FIG. 2, a diagram schematically showing
the partition of the conversion cells shown in FIG. 1. For
simplicity, FIG. 2 only shows the conversion cells 210, output
switching circuit 220 and comparator 230, which are involved
in the current description. The digital controller 240, which
controls a plurality of switches (S0-S82) of the output switch-
ing circuit 220, and the calibration memory 250, which stores
the calculation results, are not shown in FIG. 2 lest the dis-
cussion be out of focus. In FIG. 2, the conversion cells 210
and the output switching circuit 220 are partitioned into a
main DAC circuit 201 and an LSB DAC circuit 202. In this
embodiment, the weights of the capacitors (C1-C5) of the
LSB DAC circuit 202 are preset to be in an ideal state. The
main DAC circuit 201 includes capacitors Cg,-Cy,. For an
example, the weights of the capacitors are as follows: Cg,:
Cg:1Cy9:Cq:C i C; :C5:C4:C4:C,:C =20:26:27:2%:2%:0%: 0%

2%:2%:2:1.

[0038] Next, this embodiment uses Table.1 to explain how
to calibrate the weights. This embodiment adopts a binary-
weighted system. Each unknown weight conversion cell
functioning as a pre-calibration group is partitioned into two
sub-cells having identical nominal weights.

TABLE 1

1SB DAC Estimated weights Result
Cell B I7 16
Nominal wt. 128 64 32 asssumed to have Once the weight of a
Real wt. 158 66 39 ideal weights sub-cell is estimated,
Sub-cell 182 I8_1 72 17_1 16_2 16_1 I5 14 I3 12 11 thissub-cellcanbe
Nominal wt. 64 64 32 32 16 16 16 8 4 2 1 used toestimate the
real wt. 108 3 42 24 30 9 16 8 4 2 1 sub-cells with higher

weights.

Step [, SA 1 Ar Ar Ar Ar Ar Ie=9 1 0 0 0 0 Do=0 wt.< 16
Step 1, SA2 Ar Ar At Ar. Ar. Ie=9 0 1 0 0 0 Do=1 wt. > 8
Step 1, SA3 Ar Ar Ar Ar Ar Ie=9 0 1 1 0 0 Do=0 wt.o< 12
Step 1, SA4 Ar Ar Ar Ar Ar. Ie=9 0 1 0 1 0 Do=0 wt.= 10
Step 1, SAS Ar Ar Ar Ar Ar. Ie=9 0 1 0 0 1 Do=1 wt.=9
Step 1: Ar®* Ar Ar Ar. Ar. Ie=9 0 1 0 0 1 Dw(é_1)=
estimating (01001) =9
I6_1wt.*
Step 2: Ar. Ar Ar. Ar. Ie=30 Ar 1 1 1 1 0 Dw(6_2)=30 16=9+30=39
estimating

16_2 wt.
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TABLE 1-continued

LSB DAC Estimated weights Result
Step 3: Ar At A Ic=24 0 1 1 0 0 0 Dwl7_1j=
estimating 0*16 + (11000) = 24
17_1wt
Step 4: Ar Ar Ic=42  Ar 1 0 0 0 1 1 DwlI7_2)= 17=42+24=66
estimating 1#16 + (00011) =42
17_2wt.
Step 5: unused Ie=50 0 1 0 1 0 0 0 Dw({8_l)=
estimating 0*17 + 1*16 +
I8_1wt (01000) = 50
Step 6: Ic =108 Ar 1 1 0 0 0 1 1 Dw(8_2)= 18 =50+108 =158
estimating 7 + 1*16 +
18_2 wt. (00011) = 108
*wt. = weight
**Ar, = arbitrary
[0039] Inother words, each bit of the main DAC circuit 201
is formed by two capacitors. The ith bit controls an equivalent Cor  Cou o 2)
capacitor weighted 2. The output of the DAC circuit 200 is cr Cor ZJ i
Vdac. In this embodiment, the DAC circuit 200 is a switched-
capacitor type DAC,, which does not generate the pre-
calibration output Ic and the reference output Ir at the same [0045] Ifthe weights W, of the capacitors taking part in the

time. The Ic-Ir signals at the Vdac node are generated in the
wo following steps, which are also used to estimate the
weights of the capacitors:

[0040] Step 1: pre-charging the capacitor array; and

[0041] Step 2: using a successive approximation method to
undertake the bit cycling of each bit from the high bit to the
low bit until Vdac=VREF.

[0042] Thebitcyclingis shown in Table.1. Ifthe “arbitrary”
is filled in a field, it means that the corresponding cell takes or
does not take part in bit cycling. The switches S0-S82 receive
the control signals and generate the differences of pre-cali-
bration currents Ic and reference currents Ir at Vdac. The
comparator 230 receives the difference to determine the digi-
tal calibration signal Do. In fact, the circuit shown in FIG. 2
can be regarded as an SAR (Successive Approximation Reg-
ister) ADC. The practical capacitor estimation process is as
follows:

[0043] According to the charge conservation principle, the
SAR ADC circuit has the following transfer function:

Vae  Cou Cpre  Vip oY)

Veer,  Cr Cr Veer

wherein C,,., is the sum of the capacitances connected to
V zzr it the pre-charge state of Step 1; C,,,, is the sum of the
capacitances connected to Vo -after the bit cycling in Step 2;

C is the sum of the capacitances connected to V
Vige = Z Ci;
i

and V,, is the pre-charge voltage.

[0044] In an estimation mode, C,,.=C,y, and V,, =V,
wherein C,-1s the sum of the capacitances of the pre-estima-
tion cells. After the bit cycling, V. approximates Vzz.

From Equation (1), Equation (2) can be obtained:

bit cycling are known, the present invention can use the
obtained d, to work out the actual weight of the pre-estimation
total capacitance.

[0046] The abovementioned equations may seem some-
what complicated. Therefore, refer to FIGS. 3A-3H diagrams
schematically showing the operation of the DAC circuit 200
shown inFIG. 2. InFIG.3A,V , =V prpand Q. =(C~Cq))
Vieer 10 this embodiment, let [ =Cy, Vg, as the switch
status 241 shown in FIG. 3A. According to the charge con-
versation principle, Q.. ~(C~Cy )V rzr~(C~Cs)V 40 as
shown in FIG. 3B. Suppose that all the capacitor weights are
those shown in Table.1. Thus, the input of the comparator 230
is

e = Ly <y
dac = CT_CS REF REF»

then Do=0. In other words, there is a sub-step setting
1,=C;V . as the switch status 242 shown in FIG. 3B.

[0047] In FIG. 3C, Qu.~(CCq)Vaer(Cr+0-C5-C,y)
V jae- Thus,

., _Cr-Ca

= ———Vggr.
dac = g, VREF

Therefore, there is a sub-step setting I =(0-C5+1:C,)V pzp, s
the switch status 243 shown in FIG. 3C. Next, as the switch
statuses 244, 245 and 246 respectively shown in FIGS.
3D-3F, I,=(0-C5+1-C,+0-C5+0-C,+1-C, )V in each sub-
step. After the bit cycling, [ =I, and V ,.—V zzr. Besides,
LAHC,4C )Vl ~Cq Ve Therefore, C; =C,+C,.
Thus, as shown in Table.1, the actual weight of the pre-
estimation sub-cell 16__1 of the conversion cell I6 is equal to
the sum of the actual weights of the sub-cell 14 and I1 of the
LSB DAC 202, i.e. the actual weight of the sub-cell 16_1 is
equal to (8+1)=9. Via similar deduction is learned that the
actual weight of the sub-cell 16_2 is 30.
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[0048] As to the MSB weight estimation, this embodiment
performs it from LSB’s (C;; and Cg,) to MSB’s (Cg; and
Cg,)- Once the weights of C4; and Cg, have been estimated,
C,, and C, are regarded as an integral C; and may also be
regarded as a member of the reference conversion cell group
in the succeeding estimations. Next, refer to F1G. 3G and FIG.
3H diagrams schematically showing the estimation of C,. In
the pre-charge of Step 1, V., =Vzrm and Q,,=~(C,~C,,)
V zzr- In other words, there is a sub-step setting I =C-, Vg,
as the switch status 247 shown in FIG. 3G. In FIG. 3H, after
the bit cycling of Step 2, there is a sub-step setting L =(1-C4+
0-C5+0-C,+0-C541-C,+1-C))V oy, as the switch status 248.
Then, I, _,~andV ,_—V . Therefore, C,,=C+C,+C;.
[0049] The influence of the offset Vos of the comparator
230 itself may be calibrated as follows: firstly, set all the
switches (S0-S82) to be zero; next, undertake the bit cycling
to output the value of Vos/Vref. Let an arbitrary switch be 1,
and undertake the pre-charge and the hit cycling. The output
will be Wx-(Vos/Vref). Thereby the influence of the offset
Vos of the comparator 230 can be calibrated.

[0050] The method for estimating the actual weight of the

pre-calibration output (I¢) of the DAC circuit 200 may be

roughly arranged into the following steps:

[0051] Step 1: select M pieces of pre-calibration groups to
generate M pieces of different pre-calibration outputs (Ic),
wherein M is greater than or equal to (P-A).

[0052] Step 2: use a successive approximation method to
estimate each pre-calibration output (Ic), and control the
reference output (Ir) via varying the digital control signal
of the reference group to make the reference output (Ir)
approximate the pre-calibration output (Ic) successively
and work out the digital weight output of the pre-calibra-
tion output (Ic).

[0053] Step 3: use the digital weight outputs of the pre-
calibration outputs (Ic) to establish a weight table; repeat
the abovementioned steps until the digital controller 240
can work out the actual digital weights of all the unknown
weight conversion cells, and stores the actual digital
weights in the calibration memory 250.

[0054] Correspondingly, the method for calibrating the pre-

calibration output (Ic) of the DAC circuit 200 may be roughly

arranged into the following steps:

[0055] Step 1: modify the digital control signals of the
conversion cells 210 according to the actual weight table
stored in the calibration memory 250.

[0056] Step 2: use the modified digital control signals of the
pre-calibration groups and the reference groups to drive the
conversion cells 210 to generate calibrated outputs of the
DAC circuit and calibrate the output errors of the (P-A)
pieces of unknown weight conversion cells.

[0057] Referto FIG. 4, a diagram schematically showing a

DAC circuit 300 according to another embodiment of the

present invention. For simplicity, only conversion cells 310,

an output switching circuit 320 and a comparator 330 are

shown in FIG. 4. The digital controller 240, which controls a

plurality of switches (S0-S82) of the output switching circuit

220, and the calibration memory 250, which stores the cal-

culation results, have been depicted in FIG. 1 and are not

shown in FIG. 4 lest the discussion be out of focus. In FIG. 4,

the conversion cells 310 and the output switching circuit 320

are partitioned into a main DAC circuit 301 and an LSB DAC

circuit 302. The DAC circuit 300 is different from the DAC
circuit 200 in that an attenuation-type capacitor C,, is used to
realize the LSB DAC circuit 302. Nominally, Cg,:Cq,:C-,:
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C;:CyiCo i C 105 CLiC,C,iC =27 272 0 1010 202 2%
2%:2%:1. For practical operations, refer to FIG. 5A and FIG.
5B respectively a diagram schematically showing the pre-
charge of the DAC circuit 300 and a diagram schematically
showing the bit recycling of the DAC circuit 300. The switch
status 341 of the pre-charge step and the switch status 342 of
the bit cycling step have been described in detail hereinbefore
and will not repeat herein.

[0058] The abovementioned DAC circuits 200 and 300 are
single-ended switched-capacitor-type DACs. The present
invention can also be used to calibrate fully-differential
switched-capacitor-type DACs. The steps for calibrating
fully-differential switched-capacitor-type DACs are similar
to those for single-ended switched-capacitor-type DACs and
will not repeat herein. The present invention can also be
applied to current-type DACs. Refer to FIG. 6, a diagram
schematically showing a DAC circuit 100 according to yet
another embodiment of the present invention. The major dif-
ference between the DAC circuit 100 and the DAC circuit 200
shown in FIG. 1 is that the DAC circuit 200 generates the
pre-calibration output (Ic) and the reference output (Ir) simul-
taneously and the DAC circuit 100 generates them separately.

[0059] As shown in FIG. 6, the DAC circuit 100 comprises
P pieces of conversion cells 110, an output switching circuit
120, a comparator 130, a digital controller 140, and a calibra-
tion memory 150. The design methodology can select tran-
sistors of appropriate size to make ENOB (Effective Number
of Bit) of a DAC reach over 8 bits. To avoid the complicated
computation and the costly hardware overhead due to cali-
bration, the LSB cell array 111, composed of the low-
weighted conversion cells from the P pieces of conversion
cells 110 in the DAC circuit 100, is designed to be 8-bit with
nonlinear errors smaller than half of the output of the least-
weighted current source cell (I; g5 ;). All the current source
cells (I, o5 ,,) of the LSB cell array 111 have an ideal weight
distribution, which is based on a binary exponent system and
similar to that of the currents I~ g of the current source
cells of the conventional DAC, i.e. I, =2xI, 5 1, I;ss
3-2%Usp 15+ Lisy 72'%]; 5 . Further, the high weight
current source cells of the P pieces of conversion cells 110 are
designed to be a 6-bit MSB cell array 112. All the current
source cells (1,5 ,,) of the 6-bit MSB cell array 112 have an
identical weight, i.e. I,z =L, ,=. .. 7lyep 125 and all
the current source cells I, 5 ,, =175 o All the current source
cells (1,55 ) of the 6-bit MSB cell array 112 are operated in
athermometer coded method. This embodiment is not to limit
the present invention but only to exemplify the present inven-
tion. The partitions of the bits of the high weight and low
weight current source cells, which are made by the users
themselves, are still within the scope of the present invention.

[0060] The operations of the DAC circuit 100 are also
respectively undertaken in the weight error estimation mode
and the output calibration mode. In the error estimation mode,
the digital controller 140 generates digital current source
switch control signals (dc) to control the low weight current
source cells (I, g5 |-1;55 g), 1.€. the 8-bit LSB cell array 111
in FIG. 6. Next, the digital controller 140 uses a successive
approximation method is used to estimate the digital weight
errors (Dyyp ) of the high weight current source cells
(ysss_m)-1-€. the 6-bit MSB cell array 112 in FIG. 6. Next, the
estimation results are stored in the calibration memory 150. In
the output calibration mode, the DAC circuit 100 uses the
estimated weight errors (D, ) to modify the digital cur-
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rent source switch control signals (dc) and then outputs ana-
log signals having correct weights.

[0061] Thedetails of this embodiment are further described
below. Refer to FIG. 7A and F1G. 7B diagrams schematically
showing the structures of the 8-bit LSB cell array 111 and the
6-bit MSB cell array 112 shown in FIG. 6.

[0062] The weight error estimation method for each high
weight current source cell (1,5 ,,) is as follows. Firstly, the
DAC circuit 100 controls the current direction of the specified
current source cells of the DAC circuit 100 to generate the
current error (Al) between the reference current (Ir) of the
reference current source cells and the pre-calibration current
(Ic) of the pre-calibration current source cells. In this embodi-
ment, the reference current source cells are the low weight
current source cells (I; ¢z 1~I; 5 5); the pre-calibration cur-
rent source cell is an arbitrary high weight current source cell
(Lyzss_m)- Next, the current comparator 130 converts the cur-
rent error into a digital signal (Do). Next, the digital controller
140 receives and processes the digital signal (Do), and uses a
suiccessive approximation method to make the reference cur-
rent (Ir) approximate to the pre-calibration current (Ic) and
obtain an actual ratio of the pre-calibration current source
(Inzss_m) to the unit current I,(I,=I, o5 ) Next, the results are
stored in the calibration memory 150. Thereby, the DAC
circuit 100 can use the obtained actual ratios to calibrate the
outputs in the output calibration mode.

[0063] The prior arts, such as the “DAC variation-tracking
calibration” technology disclosed in the U.S. Pat. No. 7,893,
853 and the “14-bit 100 MS/s Digitally Calibrated Binary-
Weighted Current-Steering CMOS DAC without Calibration
ADC” published in an IEEE paper, would use an additional
set of ideal reference current sources as the standard to cali-
brate the ratio of the high weight current source and the
reference current source, presuming that none error exists in
the weight ratio of the reference current source cell and the
low weight current source cell. Under such a presumption, the
maximum magnitude of calibration is equal to the sum of the
increased currents of the reference current sources. Contrar-
ily, the present invention uses the low weight current source
cells (I;5 1~I;55 5) of the DAC circuit itself as the ideal
current sources. Further, the present invention undertakes
calibration according to the control signals of the digital
circuit. Thereby, the present invention can guarantee the cor-
rectness of the ratios of the weights of the high weight current
source cells (1,55 ,, and the low weight current source cells
(Itss_ 1115 _g), neither using any additional current source
nor suffering the mismatch caused by the additional circuit.
Furthermore, the present invention can reduce the hardware
area and increase the calibration range. The fundamental
reason of the difference between the conventional technology
and the present invention is that the maximum magnitude of
calibration is equal to the sum of the increased currents of the
reference current sources in the conventional technology and
the greatest calibration magnitude of the output error is equal
to the output of a high weight current source (I, ) in the
present invention.

[0064] For a further detailed description, refer to FIG. 8, a
diagram schematically showing the partition of the currents
of the P pieces of conversion cells 110 in FIG. 6. In order that
the DAC circuit can self-calibrate without using any addi-
tional current source, this embodiment partitions each pre-
calibration high weight current source (1,45 ,,) in a particu-
lar way lest the current of the pre-calibration current source
cell be greater than the sum of the currents of the low weight
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current source cells (I, ~I; 55 5) and exceed the calibra-
tion range, as shown in FIG. 8. Table.2 shows an example of
the operation of the DAC circuit of the present invention.

TABLE 2
Ies4 Ics3 ITes2 Iesl
Gpt)  (isp ) (usg o) (psa ) o
Ideal ratio 8 4 2 1 1
Presume that the 6 4 2 1 1
error of the pre-
calibration high

weight current cell

(Tagsp_1) AL =-2Iy

Estimated digital OK. 1 0 1 1
weight of Izep |

when Al = -2I,

Presume that the 10 4 2 1 1
error of the pre-

calibration high

weight current cell

(agsp_1)AL; =21g

Digitally estimated Fail 1 1 1 1
ratio of Iz

when Al = 2],

[0065] For an example, the pre-calibration current source
cell is partitioned into two identical least pre-calibration cur-
rent source cells (I.,;). The current of the least pre-calibra-
tion current source cell (I-,7) 1s equal to the highest-bit-
controlled current of the low weight current source cells
(Izss_1~11s5_s), which is one of the characteristics of this
embodiment. Below, this embodiment is further described in
detail. As shown in FIG. 8, each pre-calibration high weight
current source cell (1,45 ) is partitioned into two identical
least pre-calibration current source cells, including Iy .0
and I.y7 .. In the design of this embodiment, I,
moLcur_miss_s 0 an ideal state, whereby the DAC cir-
cuit can undertake self-estimation and self-calibration with-
out using additional current source, and whereby is decreased
the complexity of the digital circuits and avoided the mis-
match between the additional current sources and the output
current sources.

[0066] The binary weighted system has been mentioned in
the prior arts described above. The error estimation technol-
ogy using the binary weighted system is expressed by Equa-
tion (3):

i1 3)
Icsi = ZICSJ' + Il =I4)
=

Iesj = 2% csi

Inanideal state, the output of the current source controlled by
the ith bit is equal to the sum of the outputs of the current
sources respectively controlled by from the (i-1)th bit to the
first bit plus the current of the unit current source (I,,). How-
ever, the inaccurate weights of the high weight current
sources cause current errors. Therefore, Equation (3) is modi-
fied as
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i1 3
Iesi = Z dleS:/' + 1o+ AI;(dj {0, 1}
=

wherein Al is the error of ;. While Al<0, the magnitude
thereof can be estimated via varying the digital signal d,.
While AI,>0, an additional current source array is required to
compensate the original current source array for the insuffi-
cient current and assist in calibration. Otherwise, error would
be unlikely to estimate while AI>0, as shown in Table.2.

[0067] In contrast to the abovementioned technology, this
embodiment partitions the pre-calibration current source cell,
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n—m 5)
Ieur mot = Z Gom_0,1 1158 1
P

[0068] It should be noted that the calibration method pro-
vided by this embodiment can always undertake error esti-
mation no matter whether the current error is positive or
negative. Further, this embodiment can increase the calibra-
tion range to %2 of the original pre-calibration current source
(Iyzs5_m)- as shown in Table 3.

TABLE 3

Partition I4 into two cells

levr 10 leor 11 les3 Ies2 Iesl
Qase_1) (Qagsz ) (zsa ) (e ) (Qusz ) Do
Ideal ratio 4 4 4 2 1 1
When Al = -2l and 2 4 4 2 1 1
ALy, =0,
mismatched Iz
Estimated digital weight 0K — 0 0 1 1
of lepr_10
Estimated digital weight — OK. 0 1 1 1
ofleyr 11
When Al =4I and 8 2 4 2 1 1
Al =-21,
mismatched Iy |
Estimated digital weight oK. — 1 1 1 1
ofleyr 10
Estimated digital weight — OXK. 0 0 1 1
of lepr_1

e.g. eachhigh weight currentsource cell (I, ,,), inaspecial
way, wherein each output (I, ,.) is partitioned into at least
two smallest pre-calibration outputs (I, ,, .- 0€{0, 1, ... }),
which is expressed by Equation (4):

Tetomm = Z G lLss < Z lisp i @
p T

wherein 2d;,, I, 5 1 13 the reference output generated by N
pieces of reference conversion cell groups, and d;,, ,,, are the
final digital control signals of the reference conversion cell
groups. It is merely via the reference outputs (I, ) pro-
vided by N pieces of conversion cells to estimate the digital
weight outputs of the pre-calibration outputs. From Equation
(4), it is known: this embodiment can guarantee that the low
weight current source cells (I; o |~ o5 o) provide sufficient
current for error estimation. The actual weight ratio of the
smallest pre-calibration output to the low weight current
sourcecells (I, ;5 ,~I, o o) canbeestimated by adjusting the
digital control signals (d,,, ,, of the low weight current
source cells (I;o5 ~I; 5 o) Thereby is not only satisfied the
implicit ratio but also increased the calibration range to the
half of the original pre-calibration current source (I, ).
While an n-bit DAC is partitioned into m-bit high weight
current source cells (I,,55) and (n-m)-bit low weight current
source cells (I; ;) and each high weight current source cell
(Lyzsp) 1s partitioned into I .0 and o7 4, in the above-
mentioned way, Equation (5) will be obtained and expressed

by

[0069] The circuit and method ofthis embodiment enable a
DAC circuit to self-estimate and self-calibrate the weight
errors without using any extra circuit (such as current source
sub-arrays or capacitor sub-arrays), decreasing complexity of
circuit design and exempted from the output errors caused by
the mismatch between the additional circuit and the original
circuit.

[0070] Recently, how to decrease the influence of the static
nonlinearity effect caused by the process variability has
become an important subject in high-resolution circuit
design. The present invention proposes a method to estimate
the weight errors of high weight cells of DACs in a digital
way, wherein each pre-estimation cell is partitioned into sev-
eral smaller pre-estimation cells, and wherein the weight
errors of the smaller pre-estimation cells are estimated in a
digital way, and wherein the obtained information is used to
calibrate the outputs of the DACs. Via using low weight cells
to estimate and calibrate the weight errors of high weight
cells, the present invention decreases the area overhead and
complexity of the circuit, achieves a greater calibration range,
and thus enhances the performance of the circuit.

[0071] The embodiments described above are only to
exemplify the present invention but not to limit the scope of
the present invention. Any modification or variation made
according to the characteristic or spirit of the present inven-
tion is to be also included within the scope of the present
invention, which is based on the claims stated below.
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What is claimed is:

1. A digital-to-analog converter circuit comprising:

P pieces of conversion cells including A pieces of known
weight conversion cells and (P-A) pieces of unknown
weight conversion cells;

an output switching circuit electrically connecting with P
pieces of said conversion cells and receiving output of
each said conversion cell, dynamically selecting N
pieces of said conversion cells from P pieces of said
conversion cells as reference conversion cell groups,
which at least include A pieces of said know weight
conversion cells, according to digital control signals of a
reference group in an error estimation mode, outputting
a reference output (Ir) proportionally according to said
digital control signals of said reference group, dynami-
cally selecting at least one said unknown weight conver-
sion cell from (P-A) pieces of said unknown weight
conversion cells as pre-calibration conversion cell
groups according to digital control signals of a pre-
calibration group, and generating a pre-calibration out-
put (Ic) smaller than a maximum value of said reference
output;

an analog-to-digital converter generating a digital pre-cali-
bration signal (Do) according to a difference of said
reference output (Ir) and said pre-calibration signal (Ic);

a digital controller electrically connecting with said ana-
log-to-digital converter and said output switching cir-
cuit, generating said digital control signals of said ref-
erence group and said digital control signals of said
pre-calibration group to make said reference output
approximate said pre-calibration output, generating a
digital weight output after receiving said digital calibra-
tion signal (Do), using said digital weight outputs to
establish a weight table, and working out an actual digi-
tal weight of each said unknown weight conversion cell
according to said weight table; and

a calibration memory electrically connecting with said
digital controller and storing said actual digital weight of
each said unknown weight conversion cell, which said
digital controller works out according to said weight
table.

2. The digital-to-analog converter circuit according to
claim 1, wherein said analog-to-digital converter is a com-
parator.

3. The digital-to-analog converter circuit according to
claim 1, wherein weights of A pieces of said known weight
conversion cells increase exponentially with base 2.

4. The digital-to-analog converter circuit according to
claim 1, wherein nominal weight outputs of said unknown
weight conversion cells are identical.

5. The digital-to-analog converter circuit according to
claim 1, wherein said digital weight outputs in said weight
table are respectively obtained from different said reference
conversion cell groups each formed of N pieces of different
said conversion cells.

6. The digital-to-analog converter circuit according to
claim 1, wherein in a normal conversion mode, said digital
controller receives a digital input signal and controls said
output switching circuit according to contents of said calibra-
tion memory to generate a post-calibration analog output.

7. The digital-to-analog converter circuit according to
claim 1, wherein said reference output (Ir) and said pre-
calibration output (Ic) are differential signals.
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8. A method to estimate weight errors of a digital-to-analog
converter circuit, which applies to the digital-to-analog con-
verter circuit according to claim 1 for estimating an actual
weight of said pre-calibration output (Ic), comprising steps:
selecting M different pieces of said pre-calibration conver-
sion cell groups to generate M different pieces of said
pre-calibration outputs, wherein M is greater than or
equal to (P-A);

using a successive approximation method to estimate each
said pre-calibration output, and varying digital control
signals of said reference group to make said reference
output (Ir) approximate said pre-calibration output (Ic)
successively and work out said digital weight output of
said pre-calibration output; and

establishing said weight table according to said digital

weight outputs of said pre-calibration outputs, repeating
the abovementioned steps until said digital controller
can work out said actual digital weight of each said
unknown weight conversion cell according to said
weight table, and storing said actual digital weights in
said calibration memory.

9. The method to estimate weight errors of a digital-to-
analog converter circuit according to claim 8, wherein said
successive approximation method uses A pieces of said
known weight conversion cells of said reference conversion
cell groups and a portion of (P-A) pieces of said unknown
weight conversion cells to estimate outputs (1,5 1-Ipzsz a0
of M pieces of said pre-calibration conversion cell groups one
by one.

10. The method to estimate weight errors of a digital-to-
analog converter circuit according to claim 8, wherein in
estimation, said digital controller uses a plurality of sets of
simultaneous equations corresponding to contents of said
weight table to work out said actual digital weights of (P-A)
pieces of said unknown weight conversion cells at the same
time.

11. The method to estimate weight errors of a digital-to-
analog converter circuit according to claim 8, wherein said
reference output (Ir) and said pre-calibration output (Ic) are
differential signals.

12. The method to estimate weight errors of a digital-to-
analog converter circuit according to claim 8, wherein (P-A)
pieces of said urknown weight conversion cells are thermom-
eter coded and provide outputs for said pre-calibration con-
version cell groups to function as said pre-calibration outputs
(Io).

13. The method to estimate weight errors of a digital-to-
analog converter circuit according to claim 8, wherein M
pieces of said pre-calibration conversion cells are used to
form two identical groups; weight outputs of each said group
of conversion cells increase exponentially with base 2 and
provide 2M pieces of outputs of said pre-calibration conver-
sion cell groups to function as said pre-calibration outputs Ic.

14. The method to estimate weight errors of a digital-to-
analog converter circuit according to claim 8, wherein each
output (Lyses 1~Iazsz_as) of said unknown weight conversion
cells is partitioned into at least two lower weight outputs to
guarantee that a smallest output of said pre-calibration con-
version cell groups is not greater than a maximum value of
said reference outputs.

15. The method to estimate weight errors of a digital-to-
analog converter circuit according to claim 14, wherein each
said output is partitioned into at least two smallest pre-cali-
bration outputs (I;,,,,-ne{0, 1, ... }), which is expressed by
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Tesmn = Z demmlLss s = Z Iiss i
¢ T

wherein 2d;, 1, 55 1 are said reference outputs generated
by N pieces of said reference conversion cell groups, and
i,y are final digital control signals of said reference con-
version cell groups, and wherein it is merely via said refer-
enceoutputs (I, i, ;) provided by N pieces ofsaid conversion
cells to estimate digital weight outputs of said pre-calibration
outputs.

16. A method to calibrate weight errors of a digital-to-
analog converter circuit, which applies to the digital-to-ana-
log converter circuit according to claim 1 for calibrating
outputs of said pre-calibration groups, comprising steps:

using an actual weight table stored in said calibration

memory to modify digital control signals of said conver-
sion cells; and

using modified digital control signals of said pre-calibra-

tion conversion cell groups and said reference conver-
sion cell groups to drive said conversion cells to generate
post-calibration outputs of said digital-to-analog con-
verter circuit, and calibrating output errors generated by
(P-A) pieces of unknown weight conversion cells.
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