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Abstract. A transfer characteristic shift technique has been proposed in this paper. By shifting the transfer characteristic of the sub-stage under 
calibration in pipelined ADC, a full input range is realized for pipelined ADC with background calibration. Pseudorandom sequence (PN) signal with 
maximum amplitude of Vref/4 can be injected into the multiplying digital-to-analog converter (MDAC) which speeds up the convergence process. 
Simulation results shows that the technique can achieve full input range and fast convergence speed simultaneously with small hardware cost in 
pipelined ADCs with PN signal based background calibration. 
 
Streszczenie. W artykule przedstawiono metodę przesunięcia charakterystyki przesyłu potokowych przetworników analogowo-cyfrowych. Badania 
symulacyjne dowodzą, że proponowana technika pozwala na wykorzystanie pełnego zakresu wejściowego przetwornika oraz szybką konwergencję, 
przy niewielkich wymaganiach sprzętowych. (Metoda uzyskania pełnego zakresu wejściowego potokowego przetwornika analogowo-
cyfrowego o kalibracji w tle) 
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Introduction 

Modern mobile electronic systems are always desired to 
have high resolution and high speed ADC's with extremely 
wide dynamic range. In the particular case of Pipelined 
ADCs, high resolution limited by component mismatch has 
relied on a variety of circuit calibration techniques to be 
improved [1]. 

Generally, calibration techniques can be divided into 
foreground calibration and background calibration. 
Foreground calibration technique can be used to achieve 
high resolution [2, 3, 4], but cannot track variations over 
time caused by component aging or by temperature and 
power-supply changes. Background calibration techniques 
overcome this limitation [5, 6, 7]. However, it needs to  
occupy the dynamic range of input analog signal [8, 9, 10]. 

This paper presents a transfer characteristic shift 
technique. This technique can be applied to pipelined ADC 
with PN signal based background calibration to achieve full 
input range. Therefore large amplitude of PN signal can be 
used for calibration to speed up the convergence process. 
Only two comparators and one digital adder are needed to 
accomplish the implementation. 

 

Conventional Background Calibration Technique 

 
Fig.1. Conventional digital background calibration schematic 
 

Fig.1 shows a conventional digital background 
calibration schematic. The principle of these techniques is 
to inject a PN signal, R[n]·S, into the stage under 
calibration9. R[n] is zero mean pseudorandom sequence 
taking on values of ±1, and S is amplitude. So R[n]·S has a 
certain amplitude and random polarity with zero mean. This 
PN signal and input analog signal will be amplified by the 
stage’s residue amplifier together. Assuming that the 

residue amplifier has an ideal gain of G and a relative gain 
error e, so the output of this stage Vout can be given as 
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where: VDAC – the output of sub_DAC. 
 

 This output signal consists of two terms, the input 
analog signal and the PN signal, both carry the gain error. 
(Vin–VDAC) is a variable value, G is a known constant value 
and (1+e) is an unknown constant value which needs to be 
measured for calibration. So the key is how to measure the 
(1+e) from Vout. 
 In equation (1), the first term G(1+e)(Vin–VDAC) is a 
variable value which need to be calibrated and output, the 
second term G(1+e)R[n]·S is a constant value with random 
polarity which can be measured. Vout will be quantified by 
the backend ADC, and the information carried by Vout can 
be moved into DBE' in digital domain.  
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 After a series of arithmetic, statistic operation and use of 
the zero mean feature of R[n], the input analog signal can 
be almost cancelled and only the constant e will be left to 
generate the calibration coefficient gcal. This coefficient gcal 
can be used to calibrate the gain error in analog or digital 
domain. 
 

Transfer Characteristic Shift Technique 
 One major problem about the previous background 
calibration technique is the tradeoff between input signal 
range and amplitude of PN signal. 
 In the case of a 1.5bit pipelined ADC stage, its transfer 
characteristic is shown in Fig.2 with solid line. The residue 
amplifier output Vout can be given as 
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 Taking the PN signal R[n]·S into account ，  Vout 
becomes Vout' as the two dash lines. 
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where: G|R[n]·S| – the PN signal be amplified by the residue 
amplifier. 

 
Fig.2. Transfer characteristic of conventional 1.5bit sub_stage ADC 
 

A. Transfer characteristic shift for full input range 
 To avoid overrange of the residue amplifier, Vout' need to 
be within the range of ±Vref. From equation (4), Vin can be 
obtained as  
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where: V-DAC – the sub_DAC output when Vin is below -Vref/4, 
V+DAC – the sub_DAC output when Vin is above +Vref/4. 
 

 In the case of 1.5bit stage showed in Fig.2, G=2, V-DAC=-
Vref/2, V+DAC=+Vref/2, the shaded area is where output over 
range could occur, so 2|R[n]·S| of the input range has been 
occupied by the calibration signal. 
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Fig.3. Transfer characteristic of modified 1.5bit sub_stage ADC 

 

 Obviously, in a conventional transfer characteristic 
showed in Fig.2, output overrange is inevitable as long as 
the calibration use full input range and PN signal 
simultaneously. To solve this problem, the transfer 
characteristic can be adjusted as Fig.3 depicted. By shifting 
the output characteristic away from the boundary with 
G·Vshift which equals to Vref, the output will be within the 
range of ±Vref/2, so a Vref/2 output margin can be created 
for the amplified PN signal G|R[n]·S| while the full input 
range is intact. To avoid output over range, |R[n]·S| only 
need to be less than Vref/2G. In a 1.5 bit stage, G=2, 
|R[n]·S|<Vref/4. The shift made in transfer characteristic can 
be compensated in digital domain and the original signal will 
be recovered. 

B. Fast convergence speed with large PN signal 
 As equation (2) mentioned, the backend ADC output 
DBE' consists two terms, the input signal G(1+e)(Vin–VDAC) 
and the PN signal G(1+e)R[n]·S. These two terms will be 
used to generate the correct output DBE and calibration 
coefficient gcal respectively after being processed by the 
background calibration circuit, as Fig.1 shown. gcal equals to 
1 plus the accumulator output e', and e' can be given as 
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where the first term has a zero mean characteristic and it 
will be cancelled statistically. Only the second term will be 
accumulated to generate output e'. e' has a magnitude of 
10-2 which depends on the gain error e. μ should be small 
enough to suppress the input signal so that a stable 
calibration coefficient gcal can be generated5. The problem 
is that with a very small μ, the second term we used to 
accumulate the e' is suppressed as well which will slow 
down the convergence process. 
 In the second term μ·G·S(1-(1+e)·gcal), μ has to be small 
enough to provide a stable gcal, G is determinate by the 
stage under calibration, and (1-(1+e)·gcal) is variable which 
depends on how close the calibration coefficient 
approximate to the  real gain value. So the amplitude of the 
PN signal S becomes critical to the convergence speed. 
The larger the factor S is, the faster the convergence 
process is. With transfer characteristic shift technique being 
applied, a PN signal with S=Vref/4(In a 1.5bit stage) can be 
used for calibration, and this will boost the convergence 
speed significantly. 
 

Circuit Implementation 
 The residue amplifier output has been given by (8), two 
comparators with comparative levels ±3Vref/4 are added, 
and divide the full input range into 5 areas. 
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 These two extra comparator’s output will be input to the 
modified sub_DAC as shown in Fig.4. When the input signal 
is below -3Vref/4 ， a shift signal Vshift equals to Vref/2 
controlled by the lower bits is added to the input signal. 
When the input signal is above 3Vref/4, another      –Vref/2 
controlled by the higher bit is added to the input signal. To 
compensate the shift signal Vshift added into the input signal, 
a digital constant value Dcomp can be subtracted from the 
digital output after the conversion process of backend ADC 
finished. Dcomp is given as 

(9)                     fullscale
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comp D
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where: Vfullscale – the full range of the input analog signal of 
the given stage, Dfullscale – the numeric code correspond to 
Vfullscale.  

 In the case of 1.5bit stage, assuming that it’s the first 
stage of a 12-bits pipelined ADC, and Vfullscale =2Vref, 
|Vshift|=Vref/2, and Dfullscale=212, Dcomp = 210. 

 
Fig.4. Background calibration with transfer characteristic shift technique

 The calibration scheme shown in Fig.4 only adjusts the 
digital output. The interstage gain error in MDAC is not 
calibrated, and the Vshift amplified by the residue amplifier 
also contain the gain error, so the Dcomp need to be 
calibrated with gcal before we subtract it from the Dout.  
Furthermore, these two comparators added in ± 3Vref/4 
could have offset error, and it will be calibrated by the 
redundancy calibration scheme as well just like any offset 
error in the two comparators assigned to ±Vref/4. So no 
side effect will be brought into the system with this 
technique being applied. But offset error can cause the 
output over the range of ±Vref/2, and the Vref/2 output 
margin will be occupied partially. So the amplitude of PN 
signal used should be slightly less than the maximum value. 
 
Simulation Results 
      The simulation is operated on a 12 bits pipelined ADC 
with transfer characteristic shift technique. The pipelined 
ADC consists of nine 1.5 bit stages and one 3 bit flash ADC. 
The first 1.5 bit stage is the calibrated stage, the following 
stages work as the backend ADC. The full input range 
Vfullscale is ±Vref and the correspond digital full output range 
Dfullscale=212, the shift signal |Vshift|=Vref/4 and Dcomp = 29. 

Fig.5 depicts the digital output waveform of the 12 bit 
pipelined ADC with a full range input signal. A PN signal 
with amplitude of Vref/8 is used for calibration. Dcomp is the 
compensation signal, Dout' is the ADC output without Dcomp, 
Dout is the ADC output with Dcomp. Offset in the peak and 
valley of Dcomp is caused by Vshift added in the modified 
sub_DAC. The compensation signal Dcomp is delayed 9 
clocks to synchronize with the backend ADCs output. Add 
Dcomp to Dout' will recover the origin signal Dout. As shown in 
Fig.5, full input range and lager amplitude of calibration 
signal can be used simultaneously. 

      Fig.6 depicts the convergence process of 
calibration coefficient in the 12 bit pipelined ADC with 2% 
gain error in the first 1.5bit stage. Three PN signal of Vref/8, 
Vref/16 and Vref/32 are used, and the time cost to 
convergence are 1040, 1730, 2820 conversion cycles 
respectively. As shown in Fig.6, the calibration coefficient 
can approximate the real gain value (1+2%) very accurate, 
and the larger the amplitude of the PN signal is, the faster 
the convergence process is. 

 
Fig.5. Output waveform of pipelined ADC with transfer 
characteristic shift 
 

 
Fig.6. Convergence process of a 1.5 bits stage with PN signal of 
different amplitude 
 
Conclusion 

A transfer characteristic shift technique is proposed. By 
shifting the transfer characteristic of the stage under 
calibration, full input signal range is realized in PN signal 
based background calibration while large PN signal can be 
used for calibration to speed up the convergence process. 
Only two comparators and a digital adder are needed to 
achieve the adjustment. This technique can be applied to 
pipelined ADC with PN signal based background calibration. 
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