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Using interleaving with SAR ADCs for lower 
power, smaller size and lower cost

Introduction
Recent advancements in successive-approximation-register 
analog-to-digital converters (SAR ADCs) have enabled 
much lower power consumption. These ADCs also maintain 
the resolution and sampling-rate performance that they 
are known for in the market. In general, SAR ADCs are 
faster than delta-sigma ADCs but often slower than pipe-
line ADCs. However, the resolution ranges of SAR ADCs 
are wider than the pipeline ADCs. In the current market, 
the resolution spectrum is fairly well covered, but there is 
a gap between the sampling speed of SAR ADCs and pipe-
line ADCs.  The interleaving of SAR ADCs is a method of 
bridging this gap.

Interleaving is a technique that enables a system to 
maintain the resolution of the SAR ADC while increasing 
the effective sample rate, helping bridge the speed gap. In 
an equivalent system, interleaved SAR ADCs can help 
reduce the overall power consumption, cost and size of 
the end system compared to pipeline ADCs. This article 
highlights some key considerations when designing an 
interleaved SAR ADC system and provides test results 
from an example system.

Interleaving technique
Interleaving is a technique where multiple data converters 
sample a common signal and the sampling period for each 
converter is phase-shifted to effectively increase the 
system sampling rate. This allows the overall measure-
ment system to maintain the resolution of the individual 
ADCs while increasing the overall throughput in order to 
more quickly measure input signals.

Keep in mind that the ADCs must be synchronized for 
this system architecture to work. The same clock can be 
used to generate the conversion signal for the ADCs, shift-
ing only the phase of the clock using the relationship 
shown in Equation 1:
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where k = 1, 2, 3, ... n and n = the number of ADCs used 
in the system.

Figure 1 illustrates the concept of the phase offset and 
increased sampling rate for an interleaved system with 
three ADCs.

System-level design considerations
In theory, an infinite number of ADCs can be interleaved 
to achieve an infinite sampling rate; however, there are 
some realistic limitations to consider:

• The ADC has a minimum acquisition and conversion 
time in order to function as expected. The acquisition 
time should not overlap for interleaved ADCs if the 
ADCs are sampling the same input signal. The acquisi-
tion and conversion time impose a limitation on the 
maximum sampling rate for a single ADC; the minimum 
acquisition time itself imposes a limitation on the maxi-
mum sampling rate for an interleaved system, and 
therefore the maximum number of interleaved ADCs.

• The bandwidth of the individual ADCs needs to be at 
least twice the frequency of the input signal to adhere 
to the Nyquist sampling theory. As the input signal 
 frequency approaches the bandwidth of the individual 
ADCs, the system will no longer be able to properly 
measure it.

• Other factors like area and power consumption also 
scale with the number of ADCs used and thereby 
impose a practical limitation on the total number of 
ADCs in the system.
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Figure 1. Sampling rate of an interleaved 
system with three ADCs
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In addition to the practical limitations just described, 
there are also measurement errors introduced in inter-
leaved data-acquisition systems that are not present in 
single-ADC systems. These errors fall into two categories: 
system-level and ADC-specific. At a system level, SAR 
ADCs require a voltage reference with which to compare 
the input voltage and a front-end driver amplifier to buffer 
the input signal. The mismatch between references and 
buffer amplifiers can introduce errors due to manufactur-
ing process deviations. To eliminate these errors, the solu-
tion shown in Figure 2 has a single voltage reference and 
front-end driver amplifier with multiple ADCs. 

With the circuit in Figure 2, a single-input drive buffer 
eliminates the offset variations of the input signal. Using a 
single driver amplifier ensures that the ADCs receive the 
same offset instead of different offsets due to the multiple 
drive amplifiers. A single amplifier can be used if the input 
signal has time to stabilize before the ADC starts its 
conversion process so that it converts a fully settled 
signal. This stabilization is possible if the amplifier has a 
wide-enough bandwidth, or if the internal sampling capaci-
tor of the ADCs is small enough to allow enough time for 
the signal to settle.

A single voltage reference connected to all three ADCs 
eliminates variations in the gain of the input signal. A 
single voltage reference must also provide the necessary 
current and bandwidth required to power the reference of 
multiple ADCs. In some low-power ADCs, the supply also 
acts as the reference voltage for the conversion. In such 
circuits, it is similarly important to ensure that the voltage 
reference can provide enough current to power the ADCs.

Figure 3 illustrates how a single drive buffer and voltage 
reference in an interleaved system with ideal ADCs can 
help minimize offset and gain errors due to device-to-
device variations between multiple buffers and references. 
Ideal ADCs are used to highlight the effect that the varia-
tions in the buffers and references have on the measure-
ment gain and offset. The next section will address the 
offset and gain error in the system with a single drive 
buffer and voltage reference by looking at the mismatches 
that exist between the  multiple nonideal ADCs in the 
system.

Other system-level errors exist but will not be discussed 
in this article extensively. Proper layout techniques can 
mitigate (but not completely eliminate) errors caused by 
additional noise in the system such as clock jitter and 
clock skew.

ADC-specific design considerations
The ADC-specific errors are caused by device-to-device 
variations inherent in the device manufacturing process 
and consequently are not present in single-ADC systems. 
While it would be ideal if all ADCs were identical, in reality 
they exhibit differences in integral nonlinearity (INL), 
bandwidth, offset, and gain. INL is not easily correctable, 
and should be taken into account when designing the 
system. The bandwidth of the individual ADCs may 

Figure 3. Minimizing offset and gain errors with 
a single drive buffer and voltage reference
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Figure 2. Simplified system design with 
ADC, drive buffer and voltage reference
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become a consideration if it is less than the Nyquist rate of 
the input signal. However, modern ADCs have high-
enough bandwidth specifications such that this is often 
not an issue. In contrast, offset and gain mismatches 
between ADCs can be calibrated out at the system level.  
This calibration process can be further optimized with the 
use of auto-calibration circuits integrated into some ADCs.

Offset and gain calibration
It is important to calibrate mismatches in offset and gain 
errors between multiple ADCs in an interleaved system in 
order to achieve the highest possible performance from 
the ADCs. These errors in the digital domain can be cali-
brated out with post-processing, but this causes additional 
complexity for the host processor. To eliminate this addi-
tional complexity, some SAR ADCs are now designed with 
extremely-low gain error and integrated offset-calibration 
circuitry. TI’s ADS7056 is an example of a SAR ADC with 
an integrated offset-calibration feature and a typical gain 
error of only ±0.01% (or 3.2 LSBs at 14 bits). Therefore, 
this ADC does not generally require gain-error calibration.

If unaccounted for, the offset error will appear as a noise 
spur at the sampling frequency of the ADC, while the gain 
error will appear as a noise spur at the sampling frequency, 
plus or minus the input signal frequency. This will degrade 
the overall performance of the ADC, including the signal-
to-noise-ratio (SNR). Figure 4 illustrates the effect of 
offset calibration on the noise spur generated at the 
sampling frequency, both before and after calibration.

Test results
An analog front-end circuit was used to measure perfor-
mance of time-interleaved SAR ADCs (See Reference 1 
and Related Web sites). This design interleaves three 
14-bit ADS7056 SAR ADCs with a sampling rate of 
2.5 MSPS each to achieve an effective system sampling 
rate of 7.5 MSPS.

Table 1 illustrates the interleaved system performance 
compared to that of an individual ADC. The overall perfor-
mance metrics of the ADC—including resolution, SNR and 
total harmonic distortion (THD)—remain relatively the 
same, but the sampling rate increases to three times the 
sampling rate of an individual ADC.

Table 1. SAR ADC performance in a single ADC versus  
an interleaved ADC system

1x ADS7056 3x ADS7056

Resolution 14-bit 14-bit

Sampling rate 2.5 MSPS 7.5 MSPS

SNR (dB) 74.9 73

THD (dB) –85 –83.8

Table 2 compares the ADC performance of three inter-
leaved SAR ADCs with a pipeline ADC. The performance 
specifications of resolution, sampling rate and SNR are 
comparable, while the power, package size and price are 
greatly reduced.

Table 2. SAR ADC specifications compared to a pipeline ADC

3x ADS7056 THS1408

Resolution 14-bit 14-bit

Sampling rate 7.5 MSPS 8 MSPS

SNR (dB) 73 72

Power consumption (mW) 17.5 270

Package area (mm2) 6.75 81

Price (1 ku) $6.00 $20.05

The package area in Table 2 does not account for the 
overall system-level board area required to lay out the 
circuits. However, there is considerable margin between 
the size of the ADS7056 design compared to the other, so 
it is highly likely that this design will still be smaller.

Figure 4. Reduction of noise spur at the 
sampling frequency after offset calibration
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Conclusion
There are some system-level considerations to be aware of 
when designing an interleaved ADC system. However, this 
article shows that interleaved SAR ADCs can help bridge 
the sampling-rate gap between SAR and pipeline ADCs. In 
addition, SAR ADCs also enable a lower-power, smaller-
size, and lower-cost solution.

References
1. Abhijeet Godbole and Lokesh Ghulyani, “Low-Cost, 

Low-Power, Small Size, 14-bit AFE: Interleaved ADCs 
Scalable up to 7.5 MSPS Sampling With 73-dB SNR,” TI 
Application Report (SBAA231), 2017.

2. N. Kurosawa, H.Kobayashi, K.Maruyama, H. Sugawara 
and K. Kobayashi, “Explicit Analysis of Channel 
Mismatch Effects in Time-Interleaved ADC Systems,” 
IEEE Transactions on Circuits and Systems I: 
Fundamental Theory and Applications, Vol. 48,  
Issue: 3, 2001.

Related Web sites
Reference design tool:
Analog front end with time-interleaved SAR ADCs

Product information:
ADS7056
THS1408

http://www.ti.com/adj
http://www.ti.com/lit/sbaa231
http://www.ti.com/tool/tida-01355
http://www.ti.com/product/ADS7056
http://www.ti.com/product/THS1408


Texas Instruments 5	 ADJ 4Q 2017

Analog Design Journal

E2E is a trademark of Texas Instruments. All 
other trademarks are the  property of their 
respective owners.

TI Worldwide Technical Support

TI Support
Thank you for your business. Find the answer to your support need or get in 
touch with our support center at 

 www.ti.com/support

China: http://www.ti.com.cn/guidedsupport/cn/docs/supporthome.tsp

Japan: http://www.tij.co.jp/guidedsupport/jp/docs/supporthome.tsp

Technical support forums
Search through millions of technical questions and answers at TI’s E2E™ 
Community (engineer-to-engineer) at 

 e2e.ti.com

China: http://www.deyisupport.com/

Japan: http://e2e.ti.com/group/jp/

TI Training
From technology fundamentals to advanced implementation, we offer 
on-demand and live training to help bring your next-generation designs to life. 
Get started now at 

 training.ti.com

China: http://www.ti.com.cn/general/cn/docs/gencontent.tsp?contentId=71968

Japan: https://training.ti.com/jp

A011617

Important Notice: The products and services of Texas Instruments Incorporated and its 
subsidiaries described herein are sold subject to TI’s standard terms and conditions of sale. 
Customers are advised to obtain the most current and complete information about TI products and 
services before placing orders. TI assumes no liability for applications assistance, customer’s 
applications or product designs, software performance, or infringement of patents. The publication 
of information regarding any other company’s products or services does not constitute TI’s approval, 
warranty or endorsement thereof.

© 2017 Texas Instruments Incorporated.  
All rights reserved. SLYT731

http://www.ti.com/adj
http://www.ti.com/support
http://www.ti.com.cn/guidedsupport/cn/docs/supporthome.tsp
http://www.tij.co.jp/guidedsupport/jp/docs/supporthome.tsp
http://e2e.ti.com
http://www.deyisupport.com/
http://e2e.ti.com/group/jp/
http://training.ti.com
http://www.ti.com.cn/general/cn/docs/gencontent.tsp?contentId=71968
https://training.ti.com/jp


IMPORTANT NOTICE FOR TI DESIGN INFORMATION AND RESOURCES

Texas Instruments Incorporated (‘TI”) technical, application or other design advice, services or information, including, but not limited to,
reference designs and materials relating to evaluation modules, (collectively, “TI Resources”) are intended to assist designers who are
developing applications that incorporate TI products; by downloading, accessing or using any particular TI Resource in any way, you
(individually or, if you are acting on behalf of a company, your company) agree to use it solely for this purpose and subject to the terms of
this Notice.
TI’s provision of TI Resources does not expand or otherwise alter TI’s applicable published warranties or warranty disclaimers for TI
products, and no additional obligations or liabilities arise from TI providing such TI Resources. TI reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources.
You understand and agree that you remain responsible for using your independent analysis, evaluation and judgment in designing your
applications and that you have full and exclusive responsibility to assure the safety of your applications and compliance of your applications
(and of all TI products used in or for your applications) with all applicable regulations, laws and other applicable requirements. You
represent that, with respect to your applications, you have all the necessary expertise to create and implement safeguards that (1)
anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that
might cause harm and take appropriate actions. You agree that prior to using or distributing any applications that include TI products, you
will thoroughly test such applications and the functionality of such TI products as used in such applications. TI has not conducted any
testing other than that specifically described in the published documentation for a particular TI Resource.
You are authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that include
the TI product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE TO
ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.
TI RESOURCES ARE PROVIDED “AS IS” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING TI RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS.
TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY YOU AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS EVEN IF
DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT, SPECIAL,
COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH OR
ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.
You agree to fully indemnify TI and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.
This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, TI products and services.
These include; without limitation, TI’s standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2017, Texas Instruments Incorporated

http://www.ti.com/sc/docs/stdterms.htm
http://www.ti.com/lit/pdf/SSZZ027
http://www.ti.com/lit/pdf/SSZZ027
http://www.ti.com/sc/docs/sampterms.htm

