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Abstract 

High-speed mixed-signal systems, such as 200+ Gb/s SerDes, use both analog and digital 

processing subsystems, often with complex interactions between them. The evolution of 

manufacturing processes and ever-increasing performance requirements for these systems 

drive increased system, digital/analog, and analog/digital interaction complexity. More 

complex interactions lead to longer design cycles and a higher probability of design 

issues. 

In our previous paper, we showed that it is possible to left shift the validation effort, that 

is earlier in the workflow, by leveraging early architectural models to generate behavioral 

mixed-signal simulation models. In this paper, we show that the same automatic model 

generation capabilities can also be used to left shift a subset of the circuit design work 

earlier in the workflow. We use a SerDes system architectural model to generate an 

analog-to-digital converter (ADC) behavioral model, which we use instead of an actual 

circuit as the basis to design an ADC calibration scheme. 

This way, the calibration system design no longer depends on a finalized ADC design. 

Instead, the calibration and ADC circuits design may be done in parallel, using the 

behavioral model, designing the two systems to work together. This workflow can 

potentially accelerate system design time by allowing interacting subsystems to be 

designed and validated in parallel. 
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Introduction 

High-speed analog-to-digital converters (ADCs) are now commonplace in SerDes 

receivers (112Gb/s and above), such as the one shown in Figure 1. In ADC-based SerDes 

receivers, the ADC is preceded by a CTLE that pre-conditions and partially equalizes the 

incoming signal. The ADC samples and quantizes the partially equalized analog signal 

into discrete digital samples at a rate of 1 sample per unit interval (UI). The ADC’s baud-

rate samples demultiplexed into frames of samples, to a sample rate that is suitable for 

digital signal processing. The digital feed-forward equalizer (FFE) and decision-feedback 

equalizer (DFE) fully equalize the received signal samples. The CDR uses a baud-rate 

phase detector to drive the VCO in feedback to achieve a 1 sample per UI sampling rate 

and appropriate sample phase alignment. 

 

 

Figure 1. ADC based SerDes receiver system diagram. 

 

The ADC samples the incoming analog data at 64GS/s or above, with an effective 

resolution of 5-8 bits [1],[2]. This sample rate exceeds the capabilities of an individual 

successive-approximation register (SAR) ADC and even an individual Flash ADC. 

Therefore, it is common to use time-interleaved ADCs, wherein a bank of individual 

ADCs are used in a round-robin fashion, to achieve the required aggregate sampling rate. 

This keeps the sampling rate of each individual ADC within a technologically achievable 

rate. To simplify analysis and maintain focus on the modeling approach rather than the 

design trade-offs, we will consider a four-way interleaved ADC. However, that is not to 

say that there is a specific limit to the ADC interleaving factor. There are a multitude of 

design decisions that need to be analyzed but are beyond the scope of this work. 

Figure 2 shows a simplified block diagram of a four-way time-interleaved ADC, which 

utilizes four independent ADCs, ADC[0] to ADC[3], to sample and quantize the input 

signal. While each ADC might be an instance of the same design even down to the 

transistor level, each ADC will manifest imperfections differently due to manufacturing 

imperfections and random process variation. These manufacturing imperfections can be 

modeled, amongst other ways, as an input-referred offset and gain. To model the random 

manufacturing-induced differences, each ADC has independent gain and offset error 

parameter values. Unlike for a non-time-interleaved ADC, when left uncompensated, 

these errors reduce the overall effective number of bits (ENOB) of the time-interleaved 

ADC. 
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Offset and gain errors typically result from manufacturing induced mismatches between 

the various ADCs that make up a time interleaved ADC system [3]. Figure 3 shows the 

schematic of a single SAR ADC from the time-interleaved ADC presented by Luan et al. 

in [4]. Their full 64-way time-interleaved ADC design calls for 64 ADC cores to generate 

an 8-bit binary output. Other designs use Flash or other types of Nyquist-rate ADC 

architectures in similar interleaved converter systems [4],[5],Error! Reference source n

ot found.. 

 

 

Figure 2. Simplified interleaved ADC block diagram. 

 

 

Figure 3. A schematic of a representative SAR ADC based on Luan et al. [4], wherein the full ADC 

interleaves 64 individual SAR ADCs. 

 

In this work, we apply the “ABCs of SerDes Modeling” from [7] to synchronize the 

design of a mixed-signal feedback-based static-error-compensation system with the time-
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interleaved ADC it compensates. Architectural models, or A-models for short, model the 

system at a high level of abstraction and are used to develop requirements or evaluate 

different system architectures. Ideally, A-models are updated throughout the design 

process to better reflect the physical system they model. Behavioral models, or B-models 

for short, are used to fill gaps where more model detail is required than the A-model 

typically provides or to act as circuit model stand-ins when simulating the entire circuit 

may be prohibitive. Circuit models, or C-models, contain the most detail and complexity. 

A C-model gets closest to the performance of the implemented system, as it implements 

the design at hand, but is resource-intense to simulate compared to the other two types of 

models. 

An architectural-level model (A-model) of the time-interleaved ADC is shown in Figure 

4. This model contains static error impairments, which we discuss in more detail in 

Section 1. In Section 2, we choose a static error compensation algorithm and discuss its 

theory of operation. In Section 3, we generate a B-model of the ADC automatically, 

which we use in Section 4 to evaluate the performance of the static error compensation 

system before the ADC has been designed. 

 

Figure 4. Architectural model of the time-interleaved ADC as implemented in Simulink®. 

 

1 Modelling ADC and Impairments 

ADCs have several performance characteristics that influence their signal-to-noise ratio 

(SNR) and effective number of bits (ENOB). However, this paper concentrates on offset 

error and gain error. We define these errors based on code transitions [8]. We typically 

define offset error as the difference between the actual and nominal levels associated with 

the first code transition. Subsequently, gain error is the difference between the actual and 

nominal levels associated with the last code transition1 (after the offset error has been 

 

1 Sometimes, ADC gain error is expressed as a multiplicative factor, similar to 

operational amplifier gain error. This is another way to capture the same information. 
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removed). However, it makes more sense to use zero-scale error instead of offset error in 

the context of the differential signals of the SerDes receiver. Zero-scale error is identical 

to offset error except that it is measured from code 02, even if that code is in the middle of 

the converter’s dynamic range [9]. This paper uses the term “offset error” to refer to the 

zero-scale error. Figure 5 shows how offset error and gain error can change the transfer 

curve of a stand-alone, non-time-interleaved 4-bit ADC.  

 

 

Figure 5. A 4-bit ADC’s transfer curve showing (upper left) unimpaired, (upper-right) impaired with offset 

error, (lower left) impaired with gain error, and (lower right) impaired with both offset error and gain error. 

 

To visualize how gain and offset mismatches between time-interleaved ADCs affect the 

linearity of the overall time-interleaved ADC, we compare four cases: an impairment-

free, an offset mismatched, a gain mismatched, and an offset and gain mismatched time-

interleaved ADC. The four cases are divided into four quadrants, as in Figure 5 and the 

subsequent plots shown in this paper; the quadrants are color-coded as follows: 

• The impairment-free case (no offset and gain error) is plotted on a white 

background. 

 

2 Zero-scale error is measured from the transition between code 0 and code 1. 
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• The case with offset, but no gain error, is plotted on a blue background. 

• The case with gain, but no offset error, is plotted on green background. 

• The case with both gain and offset errors is plotted on a red background. 

 

Figure 6 shows a period of a sinusoidal signal at the output of a time-interleaved ADC 

using the same four impairment configurations and randomly selected gain and offset 

error parameters. Figure 4 shows the Simulink® model that generates this data. 

 

 

Figure 6. Comparison of impairment effects on interleaved ADC conversion results. Each quadrant has two 

graphs: the upper graph shows the outputs of all four ADC cores independently, and the lower one shows 

the result of interleaving those four cores. In all four quadrants, the input data is the same; the only 

difference is the presence or absence of the offset error and gain error impairments. 

 

In Figure 6, the output waveform from each ADC, out[0] - out[3], appears correct 

individually. However, when thse independent outputs are time-interleaved, they no 

longer result in a smooth waveform but have a distinct periodic signature: the signature 

differs for an offset-only mismatch compared to a gain-only mismatch. This interleaving-

induced gain/offset signal deteriorates the signal-to-noise-and-distortion ratio (SNDR, as 

seen in Figure 7). 



 

10 

 

 

 

Figure 7. Comparison of impairment effects on interleaved ADC output SNDR. The signal is shown in 

blue, and noise/distortion in red. In all four quadrants, the input data is the same; the only difference is the 

presence or absence of the offset error and gain error impairments.  

 

The spectrum for the time-interleaved output for the four different cases is plotted in 

Figure 7 using the aforementioned background coloring scheme. The mismatch-free case 

has a single tone -20 dB, corresponding to the input sinusoid, and a noise floor below -80 

dB. The noise floor amplitude is directly tied to the quantization noise of the ADC, which 

is determined by the resolution of the ADC. The SNDR can be mapped to the ENOB of 

an ADC by using the following formula [10]: 

 

 

 

The SNDR for the mismatch-free case is 47.6 dB, which maps to an ENOB of 7.6 b, 

which is shy of the expected 8 b. A significant contributor to this difference is the input 
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signal, which is 75% of full scale (FS) or -2.5 dB of FS. Hence, the actual SNDR is closer 

to 50 dB (47.6 dB + 2.5 dB) and the expected 8 b ENOB. 

Offset and gain mismatches cause ENOB degradation by introducing unwanted tones into 

the ADC output spectrum. The DC gain and offset errors are up converted by the 

interleaving rate. Therefore, the SNDR is 20.9 dB for the offset mismatched case, 23.3 

dB for the gain mismatched case, and 18.8 dB for the gain and offset mismatched case, 

corresponding to ENOBs of 3.2 b, 3.6 b, and 2.8 b, respectively. Hence, the 8 b ADC 

performs like a 3 b ADC if the gain and offset mismatches present between the 

interleaved ADC paths are left uncompensated. 

 

2 Design of the Compensation System 

To eliminate mismatches, we first characterize the offset and gain errors mathematically. 

Then, we choose a compensation circuit architecture based on the system presented by 

Stepanovic in [11]. Finally, we implement the compensation system using Verilog-RTL. 

2.1 Characterization of Offset and Gain Errors 

One can model the offset and gain mismatch between ADC paths in a time-interleaved 

ADC as an input-referred offset error and an input-referred gain error, as shown in Figure 

8, where oe[0] - oe[3] are the input-referred offset errors and ge[0] - ge[3] are the input-

referred gain errors. 

 

Figure 8. Interleaved ADC block diagram with impairment injection points. Gain error is multiplicative, 

and offset error is additive. 
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Sinusoidal tones are good inputs to measure the resulting signal distortion due to offset 

and gain mismatches. However, practical ADC inputs are not pure tones, especially for 

those in an ADC-based SerDes. The input signal has an amplitude distribution that can be 

modeled as a linear combination of normal distributions, depending on the severity of the 

channel impairments, such as inter-symbol interference, crosstalk, loss, and the number 

of signaling levels used. After compensating for offsets in components upstream from the 

ADC [12], the incoming signal ought to have a zero-mean distribution (0V signal). 

However, in the presence of path-dependent offset and gain mismatches, the code-word 

distributions, as seen by each ADC path, no longer have zero mean nor equal power. 

 

 

Figure 9. Histograms of individual ADC core outputs for a stimulus of a zero-mean, 44.7 mV variance 

normally distributed random variable. Each quadrant contains the four histograms from the individual ADC 

cores, and the difference between quadrants is the presence or absence of the offset error and gain error 

impairments. 

 

The mean (μ) and standard deviation (σ) should be equal for the 4 ADCs (top-left four 

histograms) when there is no gain or offset mismatch between the ADCs because the 

same input is driving each ADC path. However, the means and/or standard deviations 

differ between the ADC paths for the other three cases, depending on whether the offsets 

and/or gains are mismatched. The mean (offset) and standard deviation (gain) 
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discrepancies enable a way to quantify the path discrepancies and allow for compensation 

using a feedback loop. 

2.2 Compensation System Architecture 

Given this method of sensing multi-path gain and offset errors, we need a way to correct 

them: the actuator. This can be done in the analog domain before analog-to-digital 

conversion, as shown in Figure 10, or after conversion in the digital domain [3]. This 

example compensates for the gain and offset mismatches in the analog domain via path-

independent controls for each ADC, as shown in Figure 10. Here, oc[0:3] are the offset 

corrections, and gc[0:3] are the gain correction terms that will be applied. 

 

Figure 10. Interleaved ADC block diagram with impairment and compensation injection. Compensation 

terms are defined such that a given amount of offset or gain error is compensated by the same amount of 

offset or gain compensation, respectively. 

 

Even though a practical ADC requires gain and offset calibration at power-up or 

periodically during mission mode, a SerDes system model may not necessarily model 

these mismatches because they are assumed to be calibrated or compensated before the 

system begins normal operation. However, a behavioral model for a time-interleaved 

ADC may be used to test the ability of the SerDes system to compensate for gain and 
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offset errors. Afterall, the calibration algorithm is described as RTL and needs to be 

validated using a Verilog simulator3, before and after synthesis and place and route. 

2.3 Implementation of the Compensation System Using Verilog-

RTL 

The compensation algorithm is based on those discussed in [11]. The RTL code fragment 

that compensates for the offset is shown below. 

    if (offset_en) 
        dc[gi] = dc[gi] + samples[gi]; 
 
    offset[gi] = -dc[gi] / 2**atten; 

When offset compensation is enabled, the signed sample value (samples[gi]) for each 

time-interleaved ADC path (gi) is integrated. The convergence of the offset applied to 

each ADC path (offset[gi]) is controlled by the bandwidth coefficient of the control 

feedback loop ( ). Hence, the offset is compensated by integrating the measured 

average sample value, until the average sample value becomes zero mean via feedback. 

The RTL code fragment that compensates for the gain mismatch is shown below. 

    if (gain_en) begin 
        if (samples[gi] < 0) 
            pwr[gi] = pwr[gi] – (pwr[gi] + samples[gi]) / 2**atten; 
        else 
            pwr[gi] = pwr[gi] – (pwr[gi] - samples[gi]) / 2**atten ; 
 
        gain[gi] = gain[gi] + (tgt - pwr[gi]) / 4096; 

end 

The gain mismatch compensation loop assumes that the power of the input signal is 

known. It measures the average power of the independent paths using 

the pwr[gi] signal, one for each path. The gain compensation applied to each path is the 

difference between the expected signal power (tgt) and the measured signal power 

according to the ADC path (pwr[gi]). The gain compensation converges 

when pwr[gi] equals the expected signal power (tgt). 

Note that if the average signal power of the input signal is not known ahead of time, then 

it must be estimated. One method uses the average between the individual paths as the 

expected signal power, . While this approach is generally more 

flexible, it does have a downside: the time-interleaved ADC might not have an input-to-

output gain of 1. Instead, the gain-adaptation loop converges to the average of the 

individual path gains. 

 

3 VHDL can be used instead of Verilog, without a loss of generality nor a change to the flow described. 
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3 Generate a SystemVerilog DPI Component of the ADC 

Using HDL Verifier™, we generate the SystemVerilog-DPI component of the ADC with 

gain and offset errors as tunable parameters using the slbuild [12] MATLAB function. 

The goal is to generate an ADC B-model from the A-model, shown in Figure 4. This 

enables the ADC design and its compensation circuit to proceed in parallel. As we update 

the A-model to reflect the realities of the ADC circuit design, we can continue to re-

generate new versions of the B-model to ensure that the compensation system remains 

robust to design changes. Halupka et al. discuss this process in detail in [7], including the 

requirements the A-model must meet and how the automatic B-model generation is 

accomplished. A downloadable and working example of this technique, as it applies to 

the ADC model shown in Figure 4, is available [13]. 

 

4 Evaluating Performance of the Compensation System 

Once the ADC behavioral model has been generated, it can be used to evaluate 

compensation system performance. To exercise the ADC offset and gain compensation 

algorithm, we use the following two-step process: 

1. First, the time-interleaved ADCs are stimulated using a signal generated from a 

Gaussian noise source. This input provides sufficient randomness to the input so 

that the ADC calibration engine can adapt the gain and offset of the independent 

time-interleaved ADC paths. 

2. Second, the ADC input is switched to a tone generator so that the distortion 

resulting from the now-calibrated ADC paths can be measured. 

The ADC gain and offset compensation control values are logged during the simulation. 

Time-domain traces or converged values for these are shown in Figure 11 through Figure 

14 for the four different cases: mismatch free, offset mismatch, gain mismatch, and gain 

and offset mismatch. Figure 11 shows the convergence of the compensation system over 

time. Each quadrant shows two subplots, offset compensation control values on top and 

gain compensation control values on bottom. 
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Figure 11. Offset and gain compensation system adaptation over time. Each quadrant contains two graphs, 

the upper plot showing the offset compensation term for each ADC core and the lower plot showing the 

gain compensation term for each ADC core. Again, the differences between quadrants are the presence or 

absence of offset and gain error impairments. 

 

Figure 12 shows the ADC calibration convergence results, both for offset and gain 

calibration. The initial offset/gain error is shown using a cross marker ×, the 

compensation required is shown using a circle marker ○, and the residual error is shown 

using a square marker ◻. Similar to Figure 11, each quadrant contains two subplots, 

offset compensation results on top and gain compensation results on bottom. When the 

offset or gain compensation controls match their impairment, the residual error ought to 

be 0 mV for offset and unity (0 dB) for gain. The results presented in Figure 12 

correspond to the final time step of the time-domain trace shown in Figure 11. 
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Figure 12. ADC error compensation results, at the end of the simulation, are plotted per core. In each 

quadrant, the upper axis shows the offset error, the applied offset compensation, and the residual offset 

error after compensation, while the lower axis shows the same terms for gain error and compensation. 

 

Finally, we compare system performance using a tone waveform and its frequency 

spectrum, initially shown in Figure 6 and Figure 7. The corresponding post-calibration 

results are shown in Figure 13 and Figure 14. They show the resulting time-interleaved 

ADC ENOB, as measured after gain and offset calibration are completed. In the three 

cases where there were gain and offset errors, the ENOB is restored to the ideal case after 

gain/offset calibration. 
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Figure 13. This figure is identical to Figure 6, except that the error compensation system is applied.  

 

The output signal spectrums for the interleaved ADC show the SNDR improvement after 

gain and offset calibration is performed. In all three cases, the post-compensation SNDR 

is 47.2dB. This is equivalent to the offset-and-gain error free case, indicating that all 

interleaved paths are now in agreement. 
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Figure 14. This figure is identical to Figure 7, except that the error compensation system is applied. 

 

5 Conclusion 

The ENOB of a time-interleaved ADC can be severely degraded due to path-dependent 

offset and gain mismatches. However, post-manufacturing calibration, either during 

power-up or during normal operation, can be used to sense and correct path offset and 

gain mismatches if the input signal characteristics are known; specifically, that the input 

signal is itself offset-free. The techniques shown also work if the input signal 

characteristics are unknown, but then the loops will converge towards agreement, and any 

upstream offset and or gain errors that are common will need to be compensated 

upstream. Using an offset- and gain-compensation engine, either via analog or digital 

feedback, significantly reduces the resulting ENOB degradation. The ability to design 

this compensation system independently of the ADC circuit is enabled by leveraging a 

behavioral model of the ADC derived from the architectural specification for the ADC 

itself. As the ADC design progresses and the gain and/or offset error measured during 

simulation is shown to be better or worse, the architectural model can be updated to 

match the ADC circuit, which, in turn, allows more accurate ADC behavioral models to 

be automatically generated and used for the design and validation of the static error 

compensation system. The decoupling of ADC and compensation system design allows 
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us to left-shift not only the validation activities, but also the design activities, by 

leveraging up-to-date automatically-generated behavioral models. 
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