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Abstract—Mismatch shaping is a commonly used technique for
shaping the noise created by mismatch errors in over-sampled
digital-to-analog converters. Mismatch shaping techniques re-
ported thus far operate with the signal band located at a
fixed frequency. This paper presents a simple architecture for
arbitrarily tuning the center frequency of a first-order mis match
shaping transfer function. Details of hardware implementation
are provided, and the hardware complexity is analyzed. Results
from simulations show a consistently improved signal-to-noise
ratio at tuning frequency settings across the entire Nyquist
bandwidth.

Index Terms—DAC, Delta-Sigma, Mismatch, N-Path

I. I NTRODUCTION

Modern radio front-ends need to handle a wide variety of
wireless modulation standards and signal bandwidths. This
is facilitated by directly synthesizing the digital intermediate
frequency (IF) signal [1][2][3]. Bandpass Delta-Sigma (∆Σ)
data converters are a popular choice where high linearity
is required over a narrow bandwidth [4]. Furthermore, a
programmable signal band location can be very useful for
accommodating multiple standards [5][6][7][8].

The achievable signal-to-noise ratio through a multi-bit
Delta-Sigma (∆Σ) data converter is limited by nonlinearities
caused by element mismatch error. Mismatch error shaping
is an established technique for restoring high linearity inthe
signal band. This is done by dynamically re-arranging the
individual DAC unit-element controls in such a way that the
mismatch noise power is shaped away from the signal band,
whilst keeping the signal content unchanged [4].

In the case of a tunable bandpass∆Σ modulator, the signal
band can arbitrarily lie at different locations around the unit
circle. This requires that the mismatch shaping algorithm also
possess the ability to provide mismatch shaping at arbitrarily
tunable signal-band locations. Unfortunately, mismatch shap-
ing techniques employed to date are designed only for a fixed
signal band location.

In Section II, the proposed tunableN -path technique is
described. Implementation details are provided in SectionIII,
followed by simulation results in Section IV. The paper is
concluded in Section V.

Fig. 1. N -path filter principle

II. T UNABLE M ISMATCH SHAPING

Most existing mismatch shaping techniques operate on a
signal band centered at DC. A few notable exceptions operate
at a fixed center frequency ofFs/4 in order to simplify
subsequent quadrature modulation and demodulation opera-
tions [9][1]. These latter techniques combine theN -path filter
principle and a mismatch shaper operating at DC to create a
mismatch shaper operating atFs/4.

TheN -path filter principle can be used to create a bandpass
mismatch shaping response from a baseband dynamic element
matching (DEM) function [9][10]. TheN -path technique
involves the application of a transformz→zN to makeN
replicas of a prototype filterH(z) around the unit circle
in the z-plane. Implementing this structure requires a trivial
extension of the prototype filter, as illustrated in Figure 1.

The tunableN -path technique operates on the principle that
the value ofN determines the exact number, and hence the
exact locations, of the prototype filter replicas placed around
the unit circle. In previously reported work, this locationis
fixed at a center frequency ofFs/4 in order to simplify sub-
sequent quadrature modulation and demodulation operations
[1]. In the proposed technique, if the value ofN is chosen
carefully, it is possible for theN -path transform to place a
replica of the prototype filter close to the desired frequency
location.

Therefore, at a given bandpass∆Σ modulator frequency
tuning setting, the number of pathsN should be chosen such
that the final mismatch transfer function has a prototype replica
at or near the desired∆Σ signal-band frequency location.

A. Band Compression

Ideally, each tuning settingk would have a corresponding
N -path setting which places an image of the prototype filter



Fig. 2. High-level Architecture of Mismatch Shaper

at the signal band center frequency,Fk. The number of
prototype filter replicas placed around the unit circle is directly
proportional to the value ofN . Hence, increasingly finer steps
in the tuning frequenciesFk will require increasingly larger
values ofN .

However, an increase inN leads to a proportional de-
crease in the available bandwidth for each prototype replica.
This leads to compression of the bandwidth where effective
mismatch shaping occurs. For this reason, it is beneficial to
minimize the number of paths,N , for a given signal band
center frequency,Fk. Thus, the need to increase the tuning
granularity of the mismatch shaper transfer function needsto
be balanced with the desire to maintain an effective enough
band of suppression for the mismatch noise.

B. Multiple Prototype Mismatch Shapers

The band compression trade-off discussed above can be
alleviated by simply choosing a suitable candidate prototype
mismatch shaper. For example, the3-path transformz→z3

applied to a first-order high-pass prototypeHhp(z) = 1− z−1

results in replicated zeros atz = 1,−1

2
±j

√

3

2
. However,

the 3-path transformz→z3 applied to a first-order low-pass
prototypeHlp(z) = 1 + z−1 results in replicated zeros at
z = −1, 1
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Achieving a similar granularity with only a high-pass pro-
totype mismatch shaper would have requiredN = 6. Thus,
for a given setting of the signal band center frequency, the
number of paths required can easily be halved by selecting
the appropriate prototype mismatch shaper.

III. H ARDWARE IMPLEMENTATION

The tunable mismatch shaper can be implemented in hard-
ware by realizing the structure suggested by Figure 1, where
the number of active paths,N , can be adjusted. In order
to minimize the required value ofN , the mismatch shaping
transfer function must be chosen from either a first-order high-
pass prototype,Hhp(z) = 1 − z−1, or a first-order low-pass
prototype,Hlp(z) = 1 + z−1.

Both high-pass and low-pass first-order prototypes can
be implemented using a simple element rotation technique.
Figure 2 shows the architecture of a mismatch shaper based
on element rotation. The quantized and binary-encoded data
is converted to a thermometer code in order to drive the
individual unit elements of the DAC. The pointer update block
uses the input data to compute a new shift pointer. This pointer
is used to perform a circular shift of the thermometer encode
DAC data before driving the array of DAC unit-elements.

Fig. 3. Shifting Binary to Thermometer Converter

Fig. 4. Circular Barrel Shifter

The mismatch shaping process does not change the DAC
data, which is the actual number of unit-elements enabled
at any point. In fact, mismatch shaping is achieved by re-
arranging the order in which the DAC unit-elements are used.

A. Binary to Thermometer Converter

TheW -bit binary-encoded DAC output data word needs to
be converted to a(2W

−1)-bit thermometer encoded word, in
order to drive the DAC unit elements. This can be performed
by a tree of multiplexers controlled by the binary input word,
as shown in Figure 3 forW = 3.

B. Circular Barrel Shifter

Before controlling the DAC unit-elements, the(2W
−1)-bit

thermometer-encoded DAC data needs to be circularly shifted
by an amount equal to theW -bit shift pointer. This can be
accomplished by using a barrel shifter connected in a circular
fashion. An example is shown in Figure 4, withW = 3.

C. Pointer Control

The pointer update unit takes the DAC input data and pro-
duces a sequence of pointer values, each of which determines
the number of places by which to rotate the thermometer-
encoded DAC value. Different pointer update sequences are
required for producing high-pass and low-pass mismatch shap-
ing responses.

1) High-Pass Prototype: The high-pass prototype mismatch
shaping transfer functionHhp(z) = 1 − z−1 is shown in
Figure 5(a). This can easily be realized by implementing
the Data-Weighted Averaging (DWA) algorithm [4]. As an
example, the unit-element selection pattern resulting from an
example data sequence is shown in Figure 5(b). The selection
pattern can be generated by employing a simple modulo
(overflowing) accumulator.



Fig. 5. High-pass (a) response and (b) rotation example

Fig. 6. Low-pass (a) response and (b) rotation example

2) Low-Pass Prototype: The low-pass prototype mismatch
shaping transfer functionHlp(z) = 1 + z−1 is shown in
Figure 6(a), and can be implemented using the algorithm
described in [11]. The direction of rotation is reversed every
sample. Figure 6(b) shows the unit-element selection pattern
resulting from the same data sequence shown in Figure 5(b).
The hardware necessary to implement this modified element
rotation algorithm is only slightly more complicated that the
high-pass prototype.

3) Hybrid Structure: The above two prototype mismatch
shaping functions can be combined such that a single selection
signal is used for choosing between the two functions of the
pointer update block. An example of such a hybrid structure
is shown in Figure 7. The control signal for selecting between
the two prototype transfer functions is labeledHP .

The overflowing accumulator only works when the number
of DAC levels is a power of 2. Otherwise, a modulo subtraction
is needed within the pointer update block.

Fig. 7. First-order hybrid pointer update structure
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Fig. 8. Hardware complexity for various DAC bit-widthsW

4) Storage of Tuning Pairs: Each setting of the signal-band
center frequency requires a corresponding value of the number
of paths,N , and a binary selection bit,HP , indicating the type
of prototype filter to be used. These tuning pairs (Nk, HPk)
can be stored in a small lookup-table, and indexed by thekth
tuning frequencyFk.

5) Multiplexed N -Path Architecture: The N-path filter
structure shown in Figure 1 consists ofN identical paths, each
containing an identical mismatch shaper. While a particular
path is active, the rest of the paths remain idle. A given path
is only operating at the rate ofFs/N , whereFs is the input
data rate andN is the number of paths associated with the
selected tuning band.

In a hardware implementation, the pointer update unit can
be re-used across allN paths by running it at the full rateFs

and maintaining a separate state for each path. The execution
state for each path can be separately maintained by replacing
each path state register with a variable-length shift register,
whose length is equal toN .

D. Hardware Complexity

The hardware complexity for a first-order tunable mismatch
shaper is shown in Figure 8. For each DAC bit-widthW , the
gate-count increases linearly with the number of pathsN . For
a tunable implementation, the required complexity corresponds
to the maximum value ofN required over all tuning settings.

IV. PERFORMANCESIMULATIONS

The tunableN -path mismatch shaper has been implemented
and simulated. The DAC is driven by an8th-order tunable
bandpass∆Σ modulator with a9-level internal quantizer,
and an over-sampling ratio (OSR) of128. The maximum
achievable (ideal) SNR through the∆Σ modulator is92-dB,
across the entire tuning range. Despite the relatively highOSR
of 128, the maximum number of paths (N ) needed is only 21.

Figure 9 shows simulation results for each setting in the
tuning range, simulated with DAC mismatch error. The upper-
most line (dashed) shows the ideal achievable SNR at each
tuning frequency. The lower-most line (solid) shows the degra-
dation of the SNR in the presence of 3% mismatch error. The
line in the center (solid with asterisks) shows the result of
first-order tunableN -path mismatch shaping.
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Fig. 9. SNR across tuning range with 3% mismatch error

V. CONCLUSION

A novel architecture for tunable first-order mismatch shap-
ing has been presented. The hardware complexity requirements
for adding programmability are minimal and simple to imple-
ment. The mismatch shaper achieves a consistent performance
improvement over the entire frequency tuning range.

The single-cycle operation of the mismatch shaper makes
it suitable for use in both∆Σ analog-to-digital converters, as
well as ∆Σ digital-to-analog converters. Finally, the tunable
N -path architecture is flexible enough to allow extension to
higher-order mismatch shapers.
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