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ABSTRACT cos ot
This paper presents an architecture for quadrature basdpas é BP-DSM 1 s
mismatch shaping that allows the center frequency of the mis RF — DSP
match suppression band to be tunable over the entire Nyquist BP-DSM
range. The approach is based on the previously reported ? | | 0
complex-valued tree-based mismatch shaper, and extesds th sin wt
to allow tunable operation. The proposed design has been im-
plemented using VHDL and synthesized to logic gates. The (@) Separate BEAX ADCs

hardware complexity and mismatch shaping performance of cos of

the proposed architecture are compared to that of a referenc It
architecture, which uses separate tunable mismatch shaper _,é'()_, >

for each complex component path. Simulation results show  gp —| Quadrature DSP
consistent mismatch shaping performance across the entire BP-DSM >
tuning range. % 0

Si t
Index Terms— Bandpass Delta-Sigma; Quadrature e

Delta-Sigma; Mismatch Shaping; Tunable Delta-Sigma; (b) Quadrature BRAY ADC
DAC Element Matching; Unit Element DAC
Fig. 1. Low-IF bandpas&\X. receiver architecture

1. INTRODUCTION

1 , ) ) ) _in Figure 1(a). One complication arising from the use of
Modern wireless systems are facing a proliferation of wireynis method is the potential for path mismatch between’the
less standards, making it necessary to maximize hardware rend the) channels, which leads to performance degradation

configurability in order to minimize costs.

In addition, the [71[8]. This architecture can be improved by using a single

continued scaling of CMOS technology has led to greater dec'omplex—valued or quadrature bandpass (QBF) modula-
grees of chip integration between the analog radio frequenc,, a5 shown in Figure 1(b) [7].

(RF) front-ends and the digital signal processing (DSPkbac Higher-orderA Y. analog-to-digital converters (ADC) can

ends. As aresult, it is far more atractive to process th‘E‘)rovideamuch higher signal-to-noise ratio (SNR), for a&giv
mtermedl_ate frequency .(”:). S|gr)al d|.rectly within the idig oversampling ratio (OSR), by using a multibit internal quan
tqld(tjr:)mat\)m. dDue tg tl?e|r_h|gg Ilnean(t_jy |0\t/er narrow t?(‘f;‘lnd'tizer [9]. However, performance is limited due to distontio
widths, bandpass detta-sigm X) moauiators are rapidly .5 ;seq by device mismatch errors when the quantized signals
becoming the data converter of choice for these appllcza'uonerm,_}rge from the DAC embedded within the> ADC feed-
[2][3][4][5][6]' . , i . back loop. In order to reduce these nonlinearities in the DAC
In a typical low-IF receiver architecture, the RF signal ISy, sfer function, the DAC element mismatch errors can be

first de_modulated into a complex IF signal, WhiCh_ConSiStsrandomized or spectrally shaped away from the signal band
of the in-phase ) and quadrature) component signals. using a mismatch shaper [10][9][11].

_St_ubzequ_ently, the_zsefcgmpdonegr;tzslgnags Ia{e |nd|V|dur<;;ﬂjy di Although mismatch shaping reduces DAC nonlinearity
tized Using a pair of bandpa moduiators, as Shown - yithin the signal band, it fails to eliminate the overalldar

1This is an expanded version of a paper presented at the 20®@n-  9ain error thrO_UQh the DAC. In a quadrature bandpass
ference [1]. modulator, using separate DACs for tieand Q compo-




puts of all the DAC elementg[n] = 22/[:1 yx[n], where
yr[n] = Azk[n] andA denotes the nominal step-size of each
DAC element.

Unfortunately, component mismatch due to non-idealities

xi[n]

Element | x2/n]

x[n] —> Sizc?fn yinj in the manufacturing process leads to non-ideal values for
(ESgL) each of the DAC elements. As a result, each DAC element
exhibits errors in the output levels:
xufn]
. A+ €hy, if xk[n] =1
yr[n] = { €1, if 2x[n] =0 @

Fig. 2. Unit-element DAC with element selection logic o
wheree,, ande;, denote the static mismatch error when the

DAC element is enabled and disabled, respectively. The over
nents of the quantized complex signal can lead to severe padi DAC output is given by:
mismatch due to the differing gain errors through each path.
However, the two real-valued DACs can be combined into a y[n] = ax[n] + B + €[n], 2

single mismatch shaping complex DAC. This leads to identi- ,
cal gain errors in thd and( paths, and thereby eliminates wherec, 8 ande are the gain error, offset error and aggregate

1/Q path mismatch through the DAC itself [12][13]. mismatch error, respectively, and all three quantitieseddp

An important feature of data converters used in multi_excl(;lswelyli)néhe_elemlent mlsmaltch_errori [16]. ltiol
standard wireless transceivers is the ability to place ¢émter enerally during element selection, there are multiple

of the signal-band at different frequencies within the Ngtu ways in which the input[n] can be used to select DAC ele-

band, according to the requirements placed by the syste!ﬁenés to formbthe otIJtpug[n]. Theshe add|t|onalfdegreles of
design, as well as the particular wireless standard inAge.  '"©€d0M can be exp oited to vary the pattern of unit element

data converters can easily be designed with programmab%lection in & way that specirally shape_s t_he mismatch error
loop filter coefficients in order to achieve this. However, away from the S|gnal-band _[10][15]' Th's_ Is known as mis-

AY modulators employing multibit quantization still re- match noiseé shaping, and is achieved without changing the
quire the mismatch noise to be removed or noise-shap tual number of selected DAC elements from the number

away from wherever the signal-band has been placed. Thf at need to be activated in order to reproduce a given DAC
can be achieved with the use of a tunable mismatch shapg}pUt'

[4][14][15]. _

In the case of a quadrature bandpass modulator em-  2-1. Quadrature Path Mismatch
ploying a muItibiF guantizer, the center—frequency of thism In a quadrature bandpagsy; modulator, both thd and Q
match suppression band through a mismatch shaping corgamnonents of the quantized complex signal require a DAC.
plex DAC needs to be tunable. This paper extends previously, - qdition to the mismatch noise componeln, differences

known mismatch shaping techniques to enable such a featutig,yyeen mismatch errors in the two DACs results in path mis-
Section 2 provides an overview of quadrature bandpass,aich:

mismatch shaping, along with previously reported techesqu

Section 3 describes the proposed tunable mismatch shaping 1l
technique, followed by the hardware implementation in Sec-
tion 4. Hardware complexity and mismatch shaping perfor-
mance of the proposed architecture are compared to those phe composite DAC output is thus given by:
a reference architecture in Section 5. The paper is condlude

arxr[n] + Br + er[n] ©))
yoln] = aqzgln] + Bo + eqln] 4

=

i i or + o ar —aQ

in Section 6. y[n] _ QI 5 Qx[n] + 1 5 Q:L’ [n} + 8+ E[n} (5)
2. MISMATCH SHAPING where:

A unit-element DAC is commonly used in multiokY. sys- ylnl = yiln] + jyeln] ®6)

tems. It consists of\/ unit-sized elements that can be com- B = Br+jBg (7)

bined to generatd/ + 1 different output levels, as shown in eln] = ern] + jegn (8)

Figure 2. The element-selection logic (ESL) converts the bi

nary DAC input to a vector of single-bit controls to the unit- As a result, any gain mismatch{ # o) will lead to fold-
element DACsz([n] = Zf:il xi[n], wherezin] € {0,1}  ing from the negative frequency image band to the positive
The DAC output is similarly formed by summing the out- frequency signal band. Since t> modulator loop filter
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is asymmetric, i.e., there is little or no noise shaping ia th : S22
image band, gain mismatch results in a higher quantizatio AN )
noise within the signal band. i SN

The two real-valued DACs can be combined into a single T !

mismatch shaping complex DAC, as shown conceptually in
Figure 3. This allows both paths to use all available DAC el- Fig. 4. Tree-structured element selection logic

ements in the process of shaping the mismatch noise. As a
result, the combined DAC eliminates path mismatch by pro-
ducing equal gain errors in theand @ paths &; = ag),

as described in [13] gnd [17]. Th"?’ is the key advantage tgrhe mismatch shaper used in this work is largely based on the

using a qua_drature mismatch shaping D'_A‘C' but comes at trHaee—based approach described in [16] and adapted to handle

expense of increased hardware complexity. complex signals as described in [17]. Figure 4 shows an ex-
ample of aM + 1 level DAC, with M = 8, using the tree

2.2. Quadrature Mismatch Shaping structure to perform element selection. Each of the bloaks |

A mismatch shaping scheme for complex DACs has beeReledSk’7' is a switching block that routes the input data in
wo possible directions. There al@y, M layers of switching

proposed in [12]. This method generalizes the basic vectoi;I ks. Each switching block di
based mismatch shaper from [10] to complex-valued signal locks. Each switching block operates according to

3. PROPOSED TUNABLE TECHNIQUE

This technique is realized by implementing the mismatch 1
shaper loop filter in complex arithmetic and allowing the Tr-1,2r-1[0] = 5 (@[] + sl )
vector quantizer to take values frof, 1, }. The tech- 1
nique requires overly complicated hardware that results in r-12r[n] = 5@k [n] = sk, [n]) (10)

reduced mismatch suppression. A complex butterfly shuf-

fler mismatch shaping DAC is considered in [17]. This isWheresy .[n] is a switching sequence generated within each
an extension of previously reported methods used to whitefWwitching block. The value of the switching sequengg|[n]

or shape the mismatch noise [18]. These methods require@ each sample interval dictates what portion of the in-
higher level of hardware complexity than the tree-struedur PUt datazy,,[n] is routed through each of the outputs of the
approach [17] SWitChing block [16]

As the input travels through the tree, portions of the in-
put data word are spread across the branches of the tree until
they arrive at the unit-DACs, where only a single bit deter-
A novel technique for performing tunable mismatch shapingnines whether or not the DAC element is selected for activa-
on real signals has been proposed in [14]. This techniquion. In the case of quadrature mismatch shaping, the imput t
relies upon the generalizel¥-path filter principle in con- the DAC is complex-valued. Therefore, each unit-DAC out-
junction with a prototype mismatch shaper to replicate theputy, .[n] can produce one of three possible output values:
mismatch transfer functiov times around the unit circle. y;.[n] € {0,1,j} [12][13]. The combined DAC has twice
By using the well-known data-weighted averaging (DWA)the number of unit elements as each individliahd@ DAC,
technique, a hardware-efficient first-order tunable misinat so the total number of unit-DACs remains the same as when
shaper can be realized [15]. However, when applied taising a pair of real-valued DACs.
quadrature signals, DWA mismatch shaping exhibits lower Figure 5 shows the structure of a switching block that
levels of performance [12]. The technique proposed in thismplements the operations described by Equationg®for
paper extends the tree-based complex mismatch shaper framamplex-valued inputs. Since the actual data must remain un
[17] so as to allow control over the center frequency of thechanged from the input of the ESL block to the output, each
mismatch transfer function. switching block must ensure that it generates a switching se

2.3. Tunable Mismatch Shaping
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Fig. 5. Switching block for complex data

LSB of xi..[n] XeAn] Fig. 7. Tunablel*-order complex loop filter
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In this section, comparisons are made between the hardware
complexity of the proposed technique and a reference archi-
tecture. The latter is a conventional implementation using

a pair of real-valued tunable bandpass mismatch shaping
Fig. 6. Complex switching sequence generator DACs. These techniques extend the complex-valued tree-
based mismatch shaper from [17] and the real-valued tree-
based mismatch shaper from [16] in such a way that allows

quence that forces the output data to satisfy this conditiorcontrol over the center frequency of the mismatch transfer
This restriction is known as theumber conservation rule  function.

[16]. These restrictions need to be modified for the case of As described in the previous section, each switching block
quadrature signals in order to ensure that the complex datf the mismatch shaping tree contains a sequence generator.

also satisfies this number conservation rule [17]. The sequence generator shown in Figure 6 is essentially a
zero-inputAY. modulator, and forms the heart of the proposed

implementation. There are three parts to the sequence-gener
ator: (i) a tunable complex loop filter, (ii) a quantizer f@oh

e[n] = ZZ A r Sk |n] (11) of thel andQ paths, and (iii) a complex limiter.
k r

The DAC mismatch error sequende] is expressed as

4.1. Tunable Complex Loop Filter

where Ay, is the nominal value of the unit-DAC step size. The |oop filter within the switching sequence modulator is
If the switching sequence. ,[n] is generated as drth-order  jmplemented as a tunable complex filter, with the center fre-
noise-shaped sequence, uncorrelated with the switching sguency tuned to the center frequency of the desired signal
quences in the other switching blocks, this will result in anpang. The structure of a tunable first-order complex filter
Lth-order noise-shaped DAC mismatch error sequence [16js shown in Figure 7, where, is the center frequency of

It follows that in order to gain control over the center fre- e signal band) < w. < , and|[I,,Q.] and[I,,Q,] are
quency of the mismatch transfer function, there needs to bge complex-valued input and output vectors of the loop fil-
a way to control the center frequency of the noise shapingsr The core of this unit is a rotation unit whose operat®n i

function within each switching sequence generator. described by:
Figure 6 shows the structure of a complex-valued se- cosw.  — sinw I T
uence generator. The noise shaping is achieved by employ-| ¢ | =2z"1| . °™¢ ¢ vooos (12)
q 9 pIng y ploy Qy sinw,  cosw, Qy — Qu

ing a zero-inputA>: modulator, with a complex loop filter.
The complex-valued number conservation rule is enforced In order to simultaneously tune the loop filters of all the
by the quantizer and limiter blocks [17]. The order and fre-switching sequence generators, the same complex coefficien
quency location of the noise shaping function are deterchinemust be provided to allogo M switching blocks and their
by the complex loop filter. Therefore, a tunable mismatcHoop filters. The filter coefficients associated with eaclirtgn
shaping function can be achieved by simultaneously controketting can be stored in a lookup-table or read-only memory
ling the complex loop filters in all the switching blocks. (ROM), and indexed by the tuning frequency.



ing sequence to always be even-valued when the switching
block input data is even-valued, and vice-versa. As desdrib

in [16], this can be achieved by selecting a mid-tread quan-
tizer when the switching block input is even, and a mid-rise

o5l Se@ric) Tl | guantizer when it is odd. Since the addition and subtraction
05 _ . _Cos(2rf) ~l - o
el within the switching block occurs separately for each ofthe
e 0 o 0T o 0r o os and@ paths, it is sufficient to maintain separate quantizers for
Normalized Frequency each path. Each of the quantizers must independently choose

] o ] . between mid-rise and mid-tread quantization accordinbéo t
Fig. 8. Coefficient values over the entire tuning range  yespectivel or Q components of the switching block input.

Figure 8 shows the coefficients plotted over the entire4, 3. Complex Limiter
tuning range. Since the coefficients are essentially the sin
function computed at the tuning frequency, the storage relhe purpose of the limiter is to prevent the switching block
quirements can be reduced by taking advantage of the natuf4m ever producing a negative number. In order to achieve
guadrant-symmetry exhibited by the sine wave. The seconidis. the magnitude of the sequence generator output is
quadrant of the sine function can be reproduced from the firdercibly limited according the switching block input data.
guadrant of the sine by inverting the phase. The first quad? the case of the combined complex sequence generator, ad-
rant of the cosine function is identical to the second quatdra ditional limiter constraints are needed to satisfy the nemb
of the sine function, and the second quadrant of the cosingonservation rule [17].
function can be reproduced from the first quadrant of the sine  The operation of the limiter in the lowest layers of the
function by inverting the polarity. switching-block tree is shown in Table 1. The first col-
The size of the ROM can be further reduced by using a dil/mn shows the possible switching block inputs. The mid-
rect digital frequency synthesizer (DDFS), such as onegusindle columns show the real and complex components of the
polynomial interpolation [19]. Alternatively, the coefints ~ duantizer output. The last column shows the corresponding
can be computed using existing hardware from elsewhere isequence output resulting from the combination of switghin
the wireless system. Most modern transceiver systems iflock input and quantizer output. These sequence genera-
clude a DDFS, which can be borrowed for a few cycles infor outputs guarantee that each of the two switching block
order to compute the pair of coefficients. The coefficientutputs take on valid control values for the complex DAC
would only need to be re-computed when the location of théinit-elementy[n] € {0, 1, j}.
signal band center frequency is changed. There are a few input combinations where two different
output sequence values can produce the same valid complex
switching block outputs. These cases are shown in Table 1,
indicated with a pair of possible output sequence options. |
As described in Section 3, each switching block in the treg¢he proposed technique, whenever such a condition arfses, t
must satisfy a restriction known as thember conservation ~ choice between the two options is made according to the cur-
rule [16]. The restriction is imposed in order to ensure thatrent output of a pseudo-random sequence, which is created by
data remains unchanged between the input and the outpatinear-feedback shift register (LFSR).
of the overall tree, and hence the ESL block (shown in Fig- As shown in Figures 46, the combinatorial logic path
ure 2). This restriction can be transferred from the overaltonnecting the DAC input to the DAC unit-element output
tree to each switching block by ensuring that the two outputsontains every single quantizer and limiter block in the-mis
of each switching block always add up to equal the value ofmatch shaping tree. This path can be pipelined in order to
the switching block input. shorten the critical path for high speed operation. However
Within each switching block, the sequence generator propipelining creates additional clock cycle delays throulgé t
duces a number that is used to create the two switching blodRAC, and any increase in this delay can pose modulator sta-
outputs, as shown in Figure 5. The sequence output is firgtlity problems when these DACs are employed within the
simultaneously added to and subtracted from the switchingnodulator feedback loop of AX ADC [9]. It is therefore
block input. These two results are then divided by two (orbeneficial to minimize the complexity of all limiter blocks.
truncated by a single LSB) before supplying them to subse- The limiter at the lowest switching levels need to be as
guent switching blocks. Due to this division by two, and sinc complex as described by Table 1, in order to ensure that the
the switching block outputs cannot be allowed to take on-fraccombined complex output is a valid control for the individ-
tional values, the results of the addition and subtractioistm ual complex DAC elements. However, the limiters in the up-
always be maintained as even numbers. per levels need only satisfy the number conservation rtle. |
This condition can be satisfied by restricting the switch-is possible to reduce the complexity of the limiters used in

4.2. Path Quantizer



Table 1. Limiter table for the lowest layer of the tree

Input | Re{Quanr}t | Im{Quar} | Sequence Output
0 X X 0

2 X X 0

2j X X 0

1 0 X 1,—1

1 + X 1

1 — X -1

J X 0 J,—J

J X + j

J X - —J
1+ 0 0 1—35,-14+3
1+ 0 + -1+
1+ 0 — 1—j
1+ + 0 1—3
1+ — 0 -1+
1+ + — 1—3
14 — + -1+
1+ + > + 1—3
14 - > - 1—j
1+ + < + —14y
1+ - < — -1+
1+ + = + 1—35,-143
1+ - = - 1—5,-14+j

strained limiter for upper layer switching blocks does rigt s
nificantly reduce mismatch noise suppression in the signal
band. The advantages of using such a scheme extend beyond
the hardware savings within the limiter blocks: the range of
possible sequence values fed back into the loop filter noev tak
on essentially trivial values, thereby reducing the haréwa
complexity of the initial stages of the loop filter.

4.4, Simulation of Tunable Operation

A AXY. modulator can be used either as an analog-to-digital
converter (ADC) or a digital-to-analog converter (DAC).dn
AY ADC, the quantizer is itself an ADC, but with a far lower
precision than the overall ADC. A correspondingly coarse
DAC is required within the modulator loop in order to pro-
vide feedback, as shown in Figure 3. I\& DAC, the entire
modulator loop remains in the digital domain, including the
coarse quantizer. However, the quantized signal still a¢ed

be converted to an analog signal and thus requires a coarse
DAC at the output. In either case, the use of a mismatch-
shaping complex DAC as the coarse DAC provides the same
benefit of suppressing non-linearities within the band taftin

est [9].

In this section, the tunable quadrature mismatch shaper is
simulated using data generated by a programmable quadra-
ture bandpasaX: modulator, whose specifications are given
in Table 3. The tunable modulator noise-transfer function
places three poles in the signal band, and one in the corre-

the upper layer switching blocks by drastically simplifygin sponding image band, resulting int%-order modulator. An
the limiter rules. In the proposed technique, the switchingoversampling ratio (OSR) df28 allows coverage of the en-
seqguences generated by all switching blocks are limited ttre Nyquist band using jusi4 tuning settings, resulting in a

producing/ and @ values from the range$§—1,0,1} and
{-7,0,7}, respectively. This effectively places tighter con-
straints on values allowed in the switching sequence output
Table 2 shows the operation of the simplified limiter used
in all switching blocks in the upper layers of the tree. The ta
ble applies to botlf andQ paths. The first column shows the
switching block inputs as either even or odd. The second col-
umn shows the possible quantizer outputs. The third column
shows the corresponding sequence output resulting from the
combination of switching block input and quantizer output.

normalized signal bandwidth as specified in Table 3.

Table 3. Quadrature BRAYX modulator specifications

Modulator order 4
OSR 128
DAC elements 16
Tuning settings 64
Normalized signal bandwidth 0.0078r

Table 2. Limiter table for all upper layers of the tree

Input Data| Quantizer Outputf Sequence Output
even 0 0
even + 0
even — 0
odd 1 1
odd -1 -1
odd >1 1
odd < -1 -1

The 16-element DAC employs complex unit elements, as
described in [12]. The sequence generators in the mismatch
shaper tree all use the tunahlié-order complex filter shown
in Figure 7, tuned to the same frequency setting. The DAC
mismatch errors are modeled as uniformly distributed remdo
mismatch, with a standard deviation & of a single unit
element value.

To illustrate the operation of the tunable quadrature
mismatch shaper, Figure 9 shows the frequency spectra at
three different signal band tuning frequencies, centeted a
(a) 0.1875m, (b) 0.28127, and (c)0.37507. Each figure
shows three distinct frequency responses. The ideal respon

Simulation results have shown that using this highly conis labeledno mismatch, and corresponds to that of a complex



DAC without any mismatch errors, where performance is o
limited only by the tunable bandpagsy® modulator itself.
The unshaped response is when random mismatch is added
to the DAC, but no mismatch shaping is performed. In this
case, the element selection for each path is performed usin
a simple thermometer code. Tiskaped response is when 0
mismatch is added and mismatch noise shaping is performe
using the proposed technique. g -60
Figure 10 shows the zoomed-in views of each correspond

ing signal-band. These simulations are with a specific con-
figuration of randomly-generated DAC errors. The in-band
SNR shows a variation across frequency due to a combina

no shaping (63dB)
with shaping (81dB)
— — = no mismatch (90dB)

—20F

¢
tion two distinct effects: (1) the variation of ideal modiaa ~toof ‘. |
\ ]

performance at the specific tuning frequency, and (2) the in- ;
band spurious tones generated by those particular randomly 5, L w L | L w w w w w
. . 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
generated DAC mismatch errors. The next section present Normalized Frequency

simulation results for a wider set of randomly-generate DA (a) Center frequency tuned to 0.1875

mismatch errors.

no shaping (69dB)
with shaping (85dB)

— — —no mismatch (89dB)

5. COMPARISON

In this section, the hardware complexity and mismatch shap
ing performance of the proposed architecture is comparadto -
reference architecture. The latter is a conventional imple-

tation using a pair of real-valued tunable bandpass midgmatc £ _,
shaping DACs, as described in [16], and extended to provide "
tunable operation over the Nyquist range.

Table 4 compares the structures of the mismatch shapin
trees used in the two mismatch shaper architectures for 1€
element complex DACSs. It is evident that the proposed archi- -0 !
tecture will necessarily occupy a larger chip area becafise ¢ JHh
the extra switching node, as well as the larger complexedalu ~ _ ‘ ‘ ‘ A i ‘ ‘ ‘ ‘

I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

SW'tCh'ng ﬂOdeS Normalized Frequency
(b) Center frequency tuned to 0.284.2

-80

Table 4. Specifications of reference and proposed designs or

no shaping (66dB)
with shaping (81dB)

| Architecture | REF.] PROP. | ol L2 - omismatcn ssam
Total DAC unit elements 16 16
Max. elements for eacHQ path 8 8
Number of tree structures 2 1 “r
Number of switching nodes/treg| 7 15
Total number of switching nodeg 14 15 %
Type of switching node data Real || Complex

Despite the increased hardware complexity, the primary
motivation for using the mismatch shaping complex DAC re-
mains intact: the elimination of gain mismatch between the
1/Q) paths, which is achieved by definition with the decision

to employ a combined mismatch Shaping Complex DACinthe ™% 005 01 015 0z 0% o3 03 04 os5 05
fIrSt place [12][13][17] Normalized Frequency
The reference and proposed architectures for tunable (¢} Center frequency tuned to 0.3750
bandpass mismatch shaping have been implemented using ] ) ]
VHDL for coarse DAC sizes ranging froh— 128 unit DAC Fig. 9. Full spectrum with 3% mismatch error
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Fig. 10. Signal band detail with 3% mismatch error
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Fig. 11 Hardware complexity for different DAC widths

elements These are typical values as found in the literature
The data-path and coefficient widths in all architectureseha
been selected such that the in-band SNR performance of
the two architectures is roughly equivalent at each tuning
setting, across the entire tuning range. The designs fdr eac
DAC precision have been synthesized using Synopsys Design
Compiler [20] under the conditions specified in Table 5.

Table 5. Hardware synthesis conditions

Process 0.18um CMOS
Device corners| slow-NMOS / slow-PMOS
\oltage 1.62V
Temperature 125°C

Clock speed 100MH =z

Logic synthesis results for several DAC sizes are shown
in Figure 11. The reference architecture is labeled tree,
and the proposed architecture is denateahplex tree. As is
expected, the proposed quadrature structure requiresigegre
area than the conventional twin path structure, for all DAC
sizes. However, the complex tree structure completelyielim
nates the gain mismatch between the two paths.

Each architecture has been simulated using data generated
by a tunable4*"-order quadrature bandpags® modulator
whose specifications are shown in Table 3. Figure 12 plots
the in-band SNR when applying a full-scale complex-valued
sinusoid with a frequency randomly selected from within the
signal band. This is repeated for each tuning setting across
the entire tuning range, and results are shown for mismatch
errors with (a)1%, (b) 2%, and (c)3% standard deviation.

In each figure, the SNR witho mismatch is that of a
DAC without any mismatch errors, where the performance
is limited by the tunable bandpags> modulator specified
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Fig. 12 SNR across tuning range with single-tone input

in Table 3. Theunshaped SNR is the response when mis-
match is added, but no shaping is performed. In this case,
the element selection is performed using a simple thermome-
ter code. Theshaped SNR is the response when mismatch
is added and mismatch shaping is performed using the corre-
sponding shaper. In all figures, the proposed tunable sh&per
denoted byshaped complex tree while the conventional tun-
able shaper is denoted Isiiaped dual tree. Each data-point
corresponds to the SNR average computed for a thousand dif-
ferent randomly-generated DAC mismatch configurations.

The mismatch-shaped performance shows consistent im-
provement over the unshaped performance, for the entire tun
ing range. For the sake of comparison, the performance of the
reference and proposed architectures have been designed to
be roughly equivalent in order to compare the hardware com-
plexity overhead of eliminating the gain mismatch between
the I and(@ paths. This performance equivalence is achieved
by appropriately reducing data-path and coefficient widths

6. SUMMARY AND CONCLUSION

Wireless transceivers are increasingly employing quadeat
bandpas&\Y. data converters in applications where high lin-
earity is required over a narrow bandwidth. The dynamic
range of aAY. data converter can be improved by using a
multibit quantizer in the modulator loop. However, device
mismatch errors in the multibit DAC cause distortion thet ha
a direct impact on the effective modulator performance.-Mis
match shaping is an established technique for alleviatieg t
effects of mismatch errors, but previously reported teghes

for mismatch shaping DACs require the signal band be lo-
cated at a fixed frequency. Multi-standard wireless systems
can benefit from the ability to place the center of the sig-
nal band at arbitrary frequency locations within the Nytuis
range of the oversampled data converter. This requires that
the quadrature mismatch shaper also retain the abilitydtie ar
trarily select the frequency location of the mismatch seppr
sion band. In a quadrature bandpass modulator, using
separate DACs for th&@Q components of the quantized com-
plex signal can lead to path mismatch due to the differences
in the gain through each DAC path. Using a single complex-
valued mismatch shaping DAC instead of a pair of real-valued
DACs effectively eliminates thé/Q) path mismatch through
the coarse DAC itself. This paper extends previously known
guadrature mismatch shaping techniques to enable thercente
frequency of the mismatch noise-transfer function to be tun
able over the entire Nyquist range.

The proposed design has been implemented for different
DAC widths, using VHDL to model the hardware. The limiter
in upper layer switching blocks has been simplified in order
to reduce the path delay from input to output, as well as to
lower the overall hardware complexity. In order to evaluate
the hardware complexity overhead of the proposed approach,
a reference architecture utilizing a pair of real-valuatbtnle



mismatch shapers has also been implemented with the sarfie] I. Galton,

specifications. All architectures have been synthesizeal in
logic gates and results show a consistent increase in tide har

ware complexity as compared to the conventional approach
for the same level of mismatch shaping performance. By de

inition, the quadrature mismatch shaper eliminates path mi

match through the course DAC, and simulation results show
consistent in-band SNR performance over the entire tuninpl3]
range.
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