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ABSTRACT

Quadrature bandpass delta-sigma data converters are widely
used in low-IF receiver applications where high linearity is
required over a narrow bandwidth. A quadrature delta-sigma
modulator with multibit quantization requires a digital-to-
analog converter (DAC) for each of the in-phase (I) and
quadrature (Q) paths. Device mismatch errors in the DAC can
seriously degrade overall converter performance by adding
I/Q path-mismatch and distortion. Mismatch noise shaping
is an established technique for overcoming these limitations
in a complex DAC, but usually anchors the signal band to a
fixed frequency location. In order to apply mismatch shaping
to applications that require tunable signal band locations, this
paper presents a technique that allows the center frequency
of the mismatch noise shaping transfer function through the
complex DAC to be adjustable over the entire Nyquist range.

Index Terms— Quadrature, Delta-Sigma, N-Path, DWA,
Mismatch-Shaping, Complex, Bandpass

1. INTRODUCTION

In modern wireless systems, the continued scaling of CMOS
technology has led to greater degrees of chip integration be-
tween the analog radio frequency (RF) front-ends and the
digital signal processing (DSP) back-ends. As a result, it is
becoming increasingly more attractive to process the inter-
mediate frequency (IF) signal directly in the digital domain.
Due to their high linearity over narrow bandwidths, bandpass
delta-sigma (∆Σ) modulators are rapidly becoming the data
converter of choice for these applications [1][2].

In a low-IF receiver architecture, the RF signal is first de-
modulated into a complex IF signal, consisting of in-phase (I)
and quadrature (Q) component signals. These are then sepa-
rately converted to digital signals using a pair of bandpass∆Σ
modulators, as shown in Figure 1(a). In these architectures,
the use of a quadrature bandpass (QBP)∆Σ modulator can
reduce the hardware complexity as compared to the conven-
tional approach. The hardware savings arise out of the use
of a single complex loop filter in place of a pair of individual
real-valued loop filters, as shown in Figure 1(b) [3].

(a) Separate BP-∆Σ ADCs

(b) Quadrature BP-∆Σ ADC

Fig. 1. Low-IF bandpass∆Σ receiver architecture

Higher-order∆Σ analog-to-digital converters (ADC) that
use multibit internal quantizers can provide a much higher
signal-to-noise ratio (SNR) for a given oversampling ratio
(OSR). However, performance is limited due to distortion
caused by device mismatch errors when the quantized signals
emerge from the DAC within the∆Σ ADC feedback loop. In
order to linearize the DAC transfer function, the DAC mis-
match errors can be randomized or spectrally shaped away
from the signal band using a DAC mismatch shaper [4][5].

An important feature of data converters used in multi-
standard wireless tranceivers is the ability to center the signal-
band at an arbitrary frequency in the Nyquist band.∆Σ data
converters can easily be designed with programmable loop
filter coefficients in order to achieve this. However,∆Σ
modulators employing multibit quantization still requirethe
mismatch noise to be removed wherever the signal-band is
placed. This can be achieved with the use of tunable mis-
match shaping [2][6][7]. In the case of a quadrature bandpass
∆Σ modulator employing a multibit quantizer, the center-
frequency of the mismatch transfer function (MTF) through



Fig. 2. Unit-element DAC with element selection logic

a mismatch-shaping complex DAC needs to be tunable. This
paper extends previously known mismatch-shaping tech-
niques to enable such a feature.

Section 2 provides as overview of quadrature bandpass
mismatch shaping, along with previously reported techniques.
In Section 3, the proposed tunable mismatch shaping tech-
nique is described. Simulation results are shown in Section4,
and the paper is concluded in Section 5.

2. MISMATCH SHAPING

A unit-element DAC is commonly used in multibit∆Σ sys-
tems. It consists ofM unit-sized elements that can be com-
bined to generateM+1 different output levels. This approach
benefits from regular VLSI layout practices to achieve high
linearity. Unfortunately, DAC mismatch errors appear at the
output unfiltered by the∆Σ noise-shaping loop [4].

Generally, there are multiple ways in which the input,
x[n], wherex[n] ∈ {0, 1, ...,M + 1}, can be used to select
unit elements to form the output,y[n]. The exceptions lie at
the extremes: whenx[n] = 0, no DAC elements are selected;
whenx[n] = M + 1, all DAC elements are selected. The
extra degrees of freedom for most of the input values can be
exploited to vary the pattern of unit element selection in a
way that spectrally shapes the mismatch error away from the
signal-band [4][5].

An example of a unit-element DAC architecture is shown
in Figure 2. Component mismatch leads to non-ideal values
for each of the DAC elements. As a result, each unit-DAC
exhibits errors in the output levels:

yk[n] =

{

∆ + ǫhk
if xk[n] = 1

ǫlk if xk[n] = 0
(1)

where∆ denotes the nominal step-size of each unit-DAC;ǫhk

andǫlk are the static mismatch errors when the unit-DAC is
enabled and disabled, respectively.

The overall DAC output is given by

y[n] = αx[n] + β + ǫ[n] (2)

whereα, β andǫ are the gain error, offset error and aggregate
mismatch error, respectively. All three depend exclusively on
the element mismatch errors [5].

Fig. 3. QBP-∆Σ ADC with complex DAC

2.1. Combining theI and Q paths

In a quadrature bandpass∆Σ modulator, both theI andQ

components of the quantized complex signal require a DAC.
In addition to the mismatch noise componentǫ[n], differences
between mismatch errors in the two DACs results in path mis-
match:

yI [n] = αIxI [n] + βI + ǫI [n] (3)

yQ[n] = αQxQ[n] + βQ + ǫQ[n] (4)

Gain mismatch leads to folding from the negative fre-
quency image band to the positive frequency signal band.
Since the∆Σ modulator loop filter is asymmetric, i.e., there
is little or no noise-shaping in the image band, gain mismatch
results in higher quantization noise in the signal band. This
can be alleviated by combining the two real-valued DACs
into a single mismatch-shaping complex DAC, as shown in
Figure 3. In addition to shaping the mismatch noise, the com-
bined DAC produces equal gain errors in theI andQ paths
[8][9].

2.2. Quadrature mismatch shaping

A mismatch shaping scheme for complex DACs has been
proposed in [8]. This method generalizes the basic vector-
based mismatch shaper from [4] to complex-valued signals.
This technique is realized by implementing the mismatch
shaper loop filter in complex arithmetic and allowing the
vector quantizer to take values from{0, 1, j}. A simplified
scheme using a modified element-rotation scheme has also
been considered in [8], but this leads to contention between
the I and Q rotation pointers. Resolving this pointer con-
tention requires a complicated scheme that results in reduced
mismatch suppression.

A complex tree-structured mismatch-shaping DAC is con-
sidered in [9], along with a complex butterfly shuffler. The
complex tree-structured approach is based on the mismatch
shaper proposed in [5], but extended to complex signals. The
complex butterfly shuffler proposed in [9] is an extension
of previously reported butterfly shuffling methods used to
whiten or shape the mismatch noise [10]. The butterfly shuf-
fler method requires a higher level of hardware complexity as
compared to the tree-structured approach [9].



Fig. 4. Tree-structured element selection logic

2.3. Tunable mismatch shaping

In order to benefit from the higher performance of multibit
∆Σ modulators in applications requiring tunable signal-
bands, the mismatch shaping function needs to also be tun-
able. A novel technique for performing tunable mismatch
shaping has been proposed in [6]. This technique uses the
generalizedN -path filter principle in conjunction with a
prototype mismatch shaper to replicate the mismatch trans-
fer function N times around the unit circle. By using the
well-known data-weighted averaging (DWA) technique, a
hardware-efficient first-order tunable mismatch shaper canbe
realized [7]. However, when applied to quadrature signals,
DWA mismatch shaping exhibits lower levels of performance
[8].

The proposed technique extends the tree-based complex
mismatch shaper from [5][9] so as to allow control over the
center frequency of the mismatch transfer function.

3. PROPOSED TUNABLE TECHNIQUE

The mismatch shaper used in this work is largely based on
the tree-based approach described in [5]. Figure 4 shows an
example of aM + 1 level DAC, withM = 8, using the tree-
structure to perform element-selection. Each of the blocks
labeledSk, r is a switching block that routes the input data in
two possible directions. There arelog2M layers of switch-
ing blocks. As the input travels through the tree, portions
of the input data word are spread across the branches of the
tree until they arrive at the unit-DACs, where only a single
bit determines whether or not the DAC element is selected for
activation.

Each switching block operates according to

xk−1,2r−1[n] =
1

2
(xk,r[n] + sk,r[n]) (5)

xk−1,2r[n] =
1

2
(xk,r[n] − sk,r[n]) (6)

Fig. 5. Switching block for complex data

Fig. 6. Complex switching sequence generator

wheresk,r[n] is a switching sequence generated within each
switching block. The value of the switching sequencesk,r[n]
at each sample intervaln dictates what portion of the in-
put dataxk,r[n] is routed through each of the outputs of the
switching block [5].

In the case of quadrature mismatch shaping, the input
to the DAC is complex-valued [9], and each unit-DAC out-
put yk,r[n] can produce one of three possible output values:
yk,r[n] ∈ {0, 1, j} [8]. The combined DAC has twice the
number of unit elements as each individualI andQ DAC, so
the total number of unit-DACs remains constant.

Figure 5 shows the structure of a switching block for
complex-valued inputs. Since the actual data must remain un-
changed from the input of the ESL block to the output, each
switching block must ensure that it generates a switching
sequence that forces the output data to satisfy this condition.
This restriction is known as thenumber conservation rule,
as described in [5]. These restrictions have to be modified
for the case of quadrature signals in order to ensure that the
complex data also satisfies the number conservation rule [9].

As shown in [5], the DAC mismatch error sequenceǫ[n]
can be expressed as

ǫ[n] =
∑

k

∑

r

∆k,rsk,r[n] (7)

where∆k,r is the nominal value of the unit-DAC step size.
It follows that generating the switching sequencesk,r[n] as
an Lth-order noise-shaped sequence uncorrelated with the
switching sequences in the other switching blocks will result
in an Lth-order noise-shaped DAC mismatch error sequence
[5]. Furthermore, in order to allow control over the center
frequency of the mismatch transfer function, there needs to



Fig. 7. Tunable1st-order complex filter used in sequence gen-
erator

be a way to control the center frequency of the noise-shaping
function within each switching sequence generator.

Figure 6 shows the structure of a complex-valued se-
quence generator. The noise-shaping is achieved by employ-
ing a zero-input∆Σ modulator, with a complex loop filter.
The complex-valued number conservation rule is enforced by
the quantizer and limiter blocks [9]. The order and frequency
location of the noise-shaping function are determined by the
complex loop filter. It follows thata tunable mismatch shap-
ing function can be achieved by simultaneously controlling
the complex loop filters in all the switching blocks.

The structure of a tunable first-order complex filter is
shown in Figure 7. The core of this unit is a rotation unit
whose operation is described by

[

cos ωc − sin ωc

sinωc cos ωc

]

(8)

whereωc, 0 ≤ ωc ≤ π, is the center frequency of the signal
band.

In order to control the loop filters, the complex coeffi-
cients must enter the system as variables. This has the poten-
tial to rapidly escalate the hardware complexity of the system.
However, some simplifications and tighter constraints on the
limiter in the switching sequence generators can result in a
lower complexity. For example, in addition to the constraints
placed on the limiter described in [9], the switching sequences
generated by all switching blocks can be limited to producing
I andQ values from the range{−1, 0, 1} and{−j, 0, j}. This
does not significantly reduce mismatch noise suppression in
the signal band.

One implementation of the tunable complex filters is to
store the filter coefficients associated with each tuning setting
in a lookup-table indexed by the tuning frequency. The size of
the table can be reduced by using a digital frequency synthe-
sizer, such as one using polynomial interpolation [11]. Since
all switching blocks follow the same tuning frequency, the co-
efficients are broadcasted to alllog2M switching blocks. The
coefficients only need to be retrieved when the location of the
signal band is updated.
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Fig. 8. Full spectrum with 3% mismatch error

To illustrate the operation of the tunable mismatch shaper,
Figure 8 shows two cases of signal-band tuning frequencies,
centered at(a) 0.1875 and(b) 0.2812, normalized to the sam-
pling rate. The figures show three separate responses: the
ideal response (lowest), the mismatch-shaped response (mid-
dle) and the unshaped response (top). Figure 9 shows the de-
tailed views of the signal-band in each case. The mismatch
shaper is a simple tunable first-order complex filter.

4. SIMULATION RESULTS

The tunable quadrature mismatch shaper has been simulated
with a programmable quadrature bandpass∆Σ modulator.
The specifications of the modulator are given in Table 1. DAC
mismatch errors are modeled as both random mismatch with
a uniform distribution, as well as a correlated sequence with
a linear gradient. All noise-shaped complex switching se-
quences are generated using simple first-order tunable com-
plex loop filters.

Table 1. Quadrature BP∆Σ modulator specifications

Modulator order 4
OSR 128

Combined quantizer levels 17
Tuning settings 64

Normalized signal bandwidth 0.0078
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Fig. 9. Signal band detail with 3% mismatch error

Figure 10 shows the signal-to-noise ratio (SNR) for every
tuning setting over the tuning range for (a)1% mismatch error
and (b)3% mismatch error. The input test signal is a full-scale
complex-valued sinusoid placed randomly within the signal
band for each tuning setting. The uppermost line shows the
performance in the absence of component mismatch, the low-
est line shows the performance in the presence of mismatch
noise, and the line in the middle shows the result of applying
the mismatch shaper. Consistent improvement is evident over
the entire tuning range.

Figure 11 shows the result of applying a full-scale white
noise input to the DAC. This shows the in-band noise power
of the DAC mismatch error for each tuning setting over the
entire tuning range. The upper lines show the mismatch noise
without shaping, and the lower lines show the effect of apply-
ing the complex noise-shaping technique to the same set of
mismatch errors. The mismatch-shaper consistently lowers
the in-band noise power for every tuning frequency.

5. CONCLUDING REMARKS

A technique for achieving tunable quadrature mismatch shap-
ing is proposed. This technique is marked by implementation
simplicity and flexibility. Simulations have shown good re-
sults over the entire Nyquist tuning range. The approach can
be used with both quadrature bandpass∆Σ ADCs as well as
∆Σ DACs. In order to improve performance, higher order
complex loop filters can be used within each noise-shaped se-
quence generator. This increases the hardware complexity,
requiring more resonators, multiplers and coefficient storage.
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Fig. 10. SNR across tuning range with single-tone input
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Fig. 11. Mismatch noise power with white noise input



In addition, higher-order filters may also increase the criti-
cal path delay, requiring additional retiming resources. This
higher latency decreases the loop phase margin when such a
DAC is used within the feedback loop of a∆Σ ADC.

6. REFERENCES

[1] M. Miller and C. S. Petrie, “A multibit sigma-delta ADC
for multimode receivers,”IEEE Journal of Solid-State
Circuits, vol. 38, pp. 475–482, 2003.

[2] T. S. Kaplan, J. F. Jensen, C. H. Fields, and M.-C. F.
Chang, “A 2-GS/s 3-bit∆Σ-modulated DAC with tun-
able bandpass mismatch shaping,”IEEE Journal of
Solid-State Circuits, vol. 40, pp. 603–610, 2005.

[3] S. A. Jantzi, K. W. Martin, and A. S. Sedra, “Quadra-
ture bandpass delta-sigma modulation for digital radio,”
IEEE Journal of Solid-State Circuits, vol. 32, no. 12, pp.
1935–1950, 1997.

[4] R. Schreier and B. Zhang, “Noise-shaped multibit D/A
converter employing unit elements,”Electronics Letters,
vol. 31, pp. 1712–1713, 1995.

[5] I. Galton, “Spectral shaping of circuit errors in digital-
to-analog converters,”IEEE Transactions on Circuits
and Systems II, vol. 44, pp. 808–817, 1997.

[6] W. Akram and E. E. Swartzlander, Jr., “Tunable n-path
mismatch shaping for multibit bandpass delta-sigma
modulators,”43rd Asilomar Conference on Signals, Sys-
tems and Computers, Nov. 2009.

[7] W. Akram and E. E. Swartzlander, Jr., “An architecture
for first-order tunable mismatch shaping in oversampled
data converters,”IEEE Latin-American Symposium on
Circuits and Systems, Feb. 2010.

[8] R. Schreier, “Quadrature mismatch-shaping,”IEEE In-
ternational Symposium on Circuits and Systems, vol. 4,
pp. IV–675 – IV–678 vol.4, 2002.

[9] S. Reekmans, J. De Maeyer, P. Rombouts, and
L. Weyten, “Quadrature mismatch shaping for digital-
to-analog converters,”IEEE Transactions on Circuits
and Systems I: Regular Papers, vol. 53, no. 12, pp.
2529–2538, 2006.

[10] M. Vadipour, “A bandpass mismatch noise-shaping
technique for sigma-delta modulators,”IEEE Transac-
tions on Circuits and Systems II: Express Briefs, vol. 51,
no. 3, pp. 130–135, 2004.

[11] W. Akram and E. E. Swartzlander, Jr., “Digital fre-
quency synthesis using piece-wise polynomial interpo-
lation,” 37th Asilomar Conference on Signals, Systems
and Computers, Nov. 2003.


