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Surpassing Tradeoffs by Separation: Examples in
Transmission Line Resonators, Phase-Locked
Loops, and Analog-to-Digital Converters

Nan Sun, William F. Andress, Kyoungho Woo, and Donhee Ham

Abstract—We review three examples (an on-chip transmission operation and are therefore separated in time: spectrélypur
line resonator [1], a phase-locked loop [2], and an analoget matters only during steady-state and lock time matters only
digital converter [3]) of design tradeoffs which can in fact be during transient. Recognizing the separability of these tw
circumvented; the key in each case is that the parameters tha LS . .
seem to trade off with each other are actually separated in the tra't_s in ime, Qrowl_ey employs_ a Va”at_)le bandwidth scheme
or space. This paper is an attempt to present these designs in@ Wider bandwidth is used during transient to accelerategpha
such a way that this common approach can hopefully be applied locking, but once the PLL enters a phase-locked steady, state

to other circuits. We note reader that this paper is not a new the bandwidth is shifted to a smaller value to attain an ogitim
contribution, but a review in which we highlight the common spectrum

theme from our published works [1]-[3]. We published a simiar
paper [4], which, however, used only two examples from [1] ah
[2]. With the newly added content from [3] in the list of our

examples, the present paper offers an expanded scope. Three of our own recently published designs [1]-[3] happen

S . to follow the same design paradigm. Our PLL work by Woo
Index Terms—Tradeoffs, transmission lines, oscillators, phase gt al [2] recognizes a separability in time between another set
locked loops, frequency synthesizers, analog-to-digitaonverters, p| | "design parameters in an apparent tradeoff and esploit
pipelined analog-to-digital converters, calibration, dscrete-time h bility | - fastiock PLL. O kb
filter, integrated circuits. the separability in constructing a fastloc - Our work by
Andresset al [1] deals with a tradeoff between series and
shunt losses in a microwave on-chip transmission line. ghil
|. INTRODUCTION it is a common notion that reducing one type of loss without

EALING with tradeoffs is a challenge engineers mudpcreasing the other is difficult, in [1] we show that if the
D face in almost every design. A tradeoff occurs whenev@fMplitudes of waves hosted by the line are made position-
one favorable parameter or performance measure must dependent, as in a standing wave, the series and shunt losses
sacrificed in favor of another. A classic example is the todide Can be separated in space and a Higlransmission line can
between gain and bandwidth in amplifiers, usually constchinP€ built. Our work by Suret al [3] tackles a tradeoff as-
by a constant gain-bandwidth product. In the face of suchsgciated with correlation-based digital background catibn
tradeoff one increases gain at the expense of bandwidthi®Pipelined analog-to-digital converters (ADCs). By iieig
vice versa until hopefully both values are acceptable. la the Separability in time between convergence accuracy and
way tradeoffs often become the ultimate limitation upon théonvergence time of digital-background calibration, welap
design. a bandwidth switching scheme just like Crowley’s to relas th

However, sometimes it is easy to perceive a tradeoff whef@deoft.

it can in fact be nullified: two parameters that seem to trade

off with each other may actually be independent or separablerhough Crowley’s work and our own three works are all
with clever design. based upon entirely different designs, we found in retrospe
To illustrate this point let us consider Crowley's widelythat they share the same spirit of circumventing certaidetra

used phase-locked loop (PLL) [5], which turns out to be &k¥fs through separation in time or space. Our objective is th
example precisely of this nature. In this case the appargiper is to illustrate this common observation, by revigwin
tradeoff is that between lock time and spectral purity: oe omyyr three works [1]-[3] under this unified theme. Thus rather
hand, the loop bandwidth must be maximized to minimize logkan introducing a new contribution we wish to explicitly
time. On the other hand, too wide a bandwidth brings moggticulate and share the insight common to these prior works
spurs and component noise (except VCO noise) into the PLERd we hope it can be related to other designs in the future.
dynamics, corrupting its output spectrum. Due to their Gjieo e will first discuss the work in [1] where the principle can
dependencies on loop bandwidth, lock time and spectrafypurhe jllustrated simply, and then move on to the work in [2]
appear to be conflicting traits. But these two traits acyualiyhere the principle appears in a rather complicated fashion
have their significance in two separate phases of the Ple will subsequently describe the work in [3]: here although

_ o the principle is illustrated simply, we will first expound time
N. Sun, W. F. Andress, K. Woo, and D. Ham are with ElectricagiBaering

and Applied Physics, School of Engineering and Applied &m®s, Harvard theoreticlal fpundation W.e e_Stab“Shed* which Ultimate@ to
University, Cambridge, MA 02138, USA (Email: donhee@semward.edu). the application of the principle.
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Fig. 1. (a) CPS above a silicon substrate (top view). (b) CRS underlying

metal strips above the substrate. (cRC'G model. Fig. 2. A CPS with a short and an open termination at each eddttee

A/4 voltage and current standing waves it hosts.

II. EXAMPLE 1: WAVE-ADAPTIVE TAPERED

less shunt loss. Simultaneous minimization ®fand G is
TRANSMISSIONLINE

desired in the design of the CPS by properly selecting its two
In this section we consider an on-chip transmission line tesign parameters, the metal width, and the separatios,
silicon, and explore a tradeoff between two types of powgfherew ands are with reference to Fig. 1. The simultaneous
dissipation in the line. The tradeoff can be circumventadinimization, however, is difficult. Increasing decrease
by exploiting the spatial separation between the two lossgge to a reduced skin effect but increaséslue to increased
whenever a standing wave is formed on the line. This woikteraction between EM fields and lossy media outside the
was originally published in [1]. CPS metals (substrate or underlying metal strips). Likewis
For the on-chip transmission line, the focus will be specifincreasings mitigates proximity effects hence decreasiig
cally on a coplanar stripline (CPS) widely used for diffei@h put this increase§’ again due to increased interaction between
operation. It consists of two metals running in paralleleThfields and lossy media outside the CPS metals. Clearly one
CPS can directly face a silicon substrate underneath [f#3],1 cannot come up with a CPS structure where batland G
or, floating metal strips periodically placed underneaéh@®S are simultaneously minimized. This is a widely recognized
[Fig. 1(b)] can shield fields from the lossy silicon substrdh  tradeoff betweenRk and G, from which one might easily
the latter case, the relatively large loss of the siliconss@lte conclude that the series loss causedmynd the shunt loss
is replaced with the smaller loss of the floating metal stripscaused byG cannot be simultaneously minimized.

A. Tradeoff between Series and Shunt Losses B. Circumventing the Tradeoff via Line Tapering

The CPS structure can be electrically modeled using theA more careful inspection, however, reveals that such a
familiar differential LRCG network [Fig. 1(c)], whereL, conclusion is a hasty one. The series loss causef s/also
C, R, and G are inductance, capacitance, series resistaneefunction of the current wave amplitude, and the shunt loss
and shut conductance per unit length, respectivglynainly caused by is also a function of the voltage wave amplitude.
accounts for losswithin the CPS metals due to skin andf the line hosts a sinusoidal traveling wave where the gata
proximity effects. The familiar skin effect is the tenderfoy and current amplitudes are the same throughout the line, it
ac current to become concentrated at the surface of a condudtoindeed true that thé&-G tradeoff directly translates to the
at high frequencies, thereby reducing the effective area tofdeoff between the series and shunt losses. However if th
current flow. The proximity effect refers to the phenomeno@PS hosts a sinusoidal standing wave where the voltage and
that when twoac currents flow in opposite directions, thecurrent amplitudes are position-dependent and moreoeer th
effective area of current flow is further squeezed toward tiweltage and current standing waveforms are offset from each
proximate regions of the two conducto€s, on the other hand, other by a quarter wavelength in space, a completely diftere
reflects lossoutside of the CPS metals, for instance, lossescenario emerges and thg&-G tradeoff can be elegantly
coming from the substrate in the CPS of Fig. 1(a) and losseiscumvented so as not to cause the tradeoff between thesseri
coming largely from the underlying periodic metal strips oand shunt losses, in order to minimize overall loss [1].
Fig. 1(b). To see this, consider a CPS of lengtkerminated by an open

R couples to current waves @s couples to voltage waveson one end and a short on the other, as in Fig. 2. Reflections
to introduce respective series and shunt losses. Sma&llerof waves at both ends and their superpositions lead to stgndi
corresponds to less series loss; smallércorresponds to waves. In the resulting fundamental standing-wave mode, th
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Fig. 4. Hybrid PLL operation.

in two distinct phases of the PLL operation lends itself to
Crowley’s technique of varying the PLL bandwidth in time.
Analogously, the separability between the series and shunt
losses in two distinct points of a transmission line hosting
a standing wave lends itself to our technique of varying the
line structure in space.

z=1
V min
I max

I min

Ill. EXAMPLE 2: PLL FREQUENCY SYNTHESIZER
Fig. 3. (a)Zo contour inw-s space. (b) Tapered line. COMBINING FRACTIONAL- & INTEGER-N MODES

Crowley’s fast-lock variable-bandwidth PLL [5] has been
used almost exclusively within a fixed frequency division
mode,i.e., the bandwidth switching has been executed while

and the current maximum & voltage zero at the short eﬁaaintaining the_ same frequency division. mode at either
(> = I): see Fig. 2. Sincek couples to current waves, seriedNt€ger- or fractionalv. In [2], we generalized Crowley's

losses are localized toward the short end=( J). Likewise, SCh€me, introducing a single-loop fast-lock PLL frequency

since G couples to voltage waves, shunt losses are localiz&§thesizer that changes not only bandwidth but also fre-
toward the open endz(= 0). In other words, the seriesdUeNcy division mode between transient and steady states.

loss and shunt loss are rather separated in space. When'\{oge concretely, the PLL operates in a narrow-bandwidth,

two types of dissipation do not overlap significantly in sgac!nt€gerV. mode during steady state (phase lock), but in a
the R-G' tradeoff is quite irrelevant. Near = 0, G may be wide-bandwidth, fractionalvV mode (with no fractional spur

minimized by choosing proper and s to reduce loss while reduction circuit such as phase interpolators or high-o¥ie

the unavoidable increase iR (due to theR-G' tradeoff) is modulators) during tra}nsient. See Fig. 4 Thi§ hybrid PLL

not detrimental because of the negligible current ampditid T€duUeNcy synthesizer is another example in which an appare

this vicinity. Similarly towardz = I, R may be minimized to tradt_aoff |s_C|rcumvented via separation in time, which wé wi

reduce loss while the inevitable increasedinis not harmful €lucidate in what follows.

due to the locally negligible voltage. This continuous atadn

of R andG alongz by varyingw ands to minimize loss yields A. Tradeoff & its Circumvention

a tapered transmission line. Consider a scenario where an integérPLL frequency
The CPS tapering while holding the characteristisynthesizer is preferred to a fractionsl-one, due to the

impedanceZ, constant throughout the line to prevent reflecdesign simplicity of the former. In the latter, phase interp

tions can be done using a contour of characteristic impetlanators or high-ordersA modulators are needed to reduce

in w-s space obtained from EM simulations [Fig. 3(a)]. Adractional spurs. Since quantization noise of such fratio

one simultaneously moves apart (increasi)gand widens spur reduction circuits can corrupt the PLL spectrum via

(increasingw) the CPS following this contourZ, remains loop nonlinearities, significant design efforts are regdito

constant whileR decreases an@' increases R-G tradeoff). minimize loop nonlinearities in the fractional- PLL. In

The \/4 CPS can be tapered along this contours as showndontrast, intege®V PLLs are much simpler to design due to

Fig. 3(b). The voltage maximum and current zerozat: 0 the absence of fractional spurs.

yields minimum local loss with lowiz and highR. The current  The design simplicity of integeN PLLs, however, comes

maximum and voltage minimum at = [ yields minimum at the price of slow locking. To produce the same set of output

local loss with lowR despite high. In [1] we experimentally frequencies in a given application, an integérPLL uses

confirmed the benefit of this technique: a lower-loss (highes lower reference frequency than a fractionalPLL. The

Q) tapered structure, when used as a resonator of a standigfgrence frequency is directly proportional to the maximu

wave oscillator, lowers the oscillator’s phase noise by @ip tisable bandwidth in any PLL, and hence, the inteljelRLL

10 dB. cannot accommodate as large a bandwidth as the fractignal-
The separability between lock time and optimum spectruRLL. The result is the slower speed of the integePLL.

CPS would span a quarter wavelength={ \/4), with the
voltage maximum & current zero at the open end=£ 0)



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE 4

So an apparent tradeoff would be encountered in an attemﬁ)t v Loop
to achieve both the speed of the fractiodalPLL and design . filter
simplicity of the integer®& PLL. In [2] we recognized, how- i i R, R
ever, that the two traits involved in the tradeoff, speed anq N § ......... VM -1

fractional spurs (the latter is tied with the design cominjex
as mentioned), matter in two separate phases of the PLL I L | cTc
operation, the exploitation of which led to the hybrid PLL Lock RER rroblcp IT ;l-
During transient, the speed is what matters and hence we us Timer

fractional?V mode that can accommodate a larger bandwidth ™ VCO
During steady state, the PLL is shifted to integérsince i

the continued use of the fractional-in the steady state ! 1
would require the fractional-spur reduction circuit. Theeof -------------------------------------------- |
the fractionalN mode only during transient does not require |
such a fractional spur reduction circuit, for spurs mattely o
during steady state, and hence we do not implement any
such fractional spur reduction circuit, leading to the dasi
simplicity. In this way we came up with the hybrid PLL
that opportunistically switches between the two frequency
division modes of differing bandwidths to circumvent the
apparent tradeoff, adopting each of their good behavioikewh
discarding their bad behaviors.

The hybrid PLL may be viewed as an integ€rPLL made
faster than the normal integé¥-PLL by borrowing the speed  The simple switching between the two modes is enabled
of the fractional PLL during transient. IntegeM PLLs by the absence of fractional spur reduction circuits, arad th
have inherently worse phase noise than fractiodaRLLs. the overall hybrid PLL of Fig. 5 is almost the normal integer-
Therefore, in a situation where the phase noise is to be madePLL, with only 3 additional, simple digital components
as small as possible, the hybrid PLL would not be an optiméhaded areas).
design choice (as phase noise is a concern in steady statdixecution of the mode switching in sync with bandwidth
and the aforementioned tradeoff would not enter the desigwitching is at the heart of the hybrid PLL operation. In
considerations. However, when an integérPLL can meet conventional Crowley’s variable-bandwidth PLLs, the der
target phase noise specifications in certain applicati@®M, pump current/; and the loop filter resistancg are changed
Bluetooth, and WLAN, for instance) [2], the hybrid PLL cartogether to shift the loop bandwidth while maintaining the
be a valuable design choice. same phase margin in the loop gain transfer function [5]uim o

The hybrid PLL example has again illustrated how ahybrid PLL, the frequency division rati&y; naturally changes
apparent tradeoff can be surpassed via separation. Althowgpon bandwidth switching due to the simultaneous mode
the main point of this paper has now been delivered, bel@witching, and this can serve as an additional parameter in
we will briefly describe the hybrid PLL's architecture andltering the loop bandwidth. This feature permits explorat

l:'

-

/M C(f) i
Accumulator (1) E

Fig. 5. Overall architecture of the hybrid PLL frequency thasizer

operation for the sake of completeness. of a larger design space for bandwidth switchieg,, when
_ . the bandwidth is to be changed by a large amount, this new
B. Architecture & Operation protocol can lessen the burden of the larfechange, as

Fig. 5 shows the architecture of the hybrid PLL. When thiée Nq-change can also contribute. An especially interesting
PLL enters a transient state, the two static divideAfyslocks scheme is to not changk at all, but to solely rely on the
are disabled and screened out by the two multiplexers, and g@hange of N, for altering the loop bandwidth/{ has to be
crystal oscillator signak(t) [frequency: fo] and the prescaler always changed). This represents a more digital fashion of
output,d; (t), are fed to the PFD. This is a standard fractionabandwidth switching, a polar opposite of the conventional
N PLL configuration but with no fractional spur reductiorbandwidth shifting wherd, must be altered.
circuit. The standard prescaler-accumulator combinatiside Our experimental work in [2] firmly confirms the benefit of
the dashed box provides a fractional division ratio’gf = our hybrid PLL. There are many implementation details, for
N + k/M throughd, (t). The reference frequency . which we can refer the readers to [2].

When the PLL attains a phase lock, both divide/y-
blocks are enabled and their outputs(t) anddx(t), are fed
to the PFD through the two multiplexers. This reconfigured
loop is an intege®™N PLL: the reference frequency i&/M;
the integer frequency division ratio oV, = NM + k is
provided throughis (¢) by the rather unfamiliar combination of Correlation-based digital background calibration is Bein
the accumulator, divide-by-M, and prescaler inside théndds actively studied as a means to mitigate component mis-
box. The resulting set of output frequencies are the samenraatch errors in pipelined ADCs [6]-[13]. Currently, a matke
in the fractional?vV-mode. drawback of this background calibration method is its slow

IV. EXAMPLE 3: DIGITAL ACCELERATION OF
CORRELATION-BASED DIGITAL BACKGROUND
CALIBRATION IN PIPELINED ADCs
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convergence. The central task in the correlation-basek-baany reasonably high resolution application &), [n] in (1)
ground calibration is the extraction of component mismatdiears the capacitor mismatch informatidn, which, however,
information from correlated data sequences. It is thissetion  is obscured by the additive ternX [n]V;, [n]. The key step
process that determines the convergence time. in the entire background calibration is to extrakt from
The mismatch information extraction problem has so faki,[n], by removing the additive term. One® is extracted,
been dealt with mostly in time domain [6]-[13], but it may bét can be used in a standard digital block to correct capacito
alternatively viewed as low pass filtering in frequency dema mismatch errors itD,; [], yielding the desired digital output,
In our work by Sunet al [3], we took this elementary notion D}, [n] = Vi, [n] + e[n].
to the next step, constructing an explicit frequency domainIn this model, extracting\ within a given accuracy from
picture of the extraction process. This allowed us to tramsf A;,[n] of (1) requires a certain number of samples (the index
the mismatch information extraction problem into a digitdln’ needs to run over a certain set of integers), which defines
filter design problem. In this new framework, we were ableonvergence time. The convergence time depends crucially o
to recognize the time separability between convergencedspéhe specific extraction algorithm used. Currently, the sedgal
and convergence accuracy that apparently trade off with eaterative method [6], [7] or certain signal averaging metho
other, and subsequently to apply the Crowley-type varia®]-[13] is used, but in our work of [3], we use a different
bandwidth scheme (this is done in an entirely digital fashiomethod, which is the key to our fast convergence solution,
to surpass the tradeoff, accelerating the convergenceldpee as we will see shortly. To see how the iterative algorithm or
a factor of 18. the currently used averaging differs from our fast-conearme
In this section, we will describe this bandwidth switchsolution, let us first obtain a frequency domain picture of
ing scheme to accelerate convergence, after providing the.[n] of (1).
frequency-domain view of correlation-based digital back- The Fourier transform of the first term of (1 - u[n], is:
ground calibration.

1 oo
a . _
F{A-uln|} =A T + k_z_ mo(w+27k)|  (2)
A. Frequency Domain Analysis of Correlation-based Back-  as for the second terni [n]Vin[n] = Y[n] of (1), since it is a
ground Calibration random process, we calculate its power spectral densitpXPS

Figure 6 is a general model for the correlation-based ditf? obtain its frequency domain representation. To this éstd,
ital background calibration of capacitomismatch errors in Us first denote the autocorrelation function &fin], Vi,[n]
pipelined ADCs. Detailed implementations may vary, but th@nd Y'[n] as Rxx[m], Ryv[m], and Ryy[m], respectively.
model of Fig. 6 captures the essence. In Fig. 6, the real Algnce X[r] and V;,[n] are independent random processes,
is separated to an ideal ADC with no capacitor mismatcky v [m] = Rxx[m] - Ryv[m]. SupposeX|[n] is a pseudo-
and the explicit capacitor mismatciy. To understandA random signal with period™ after timeT’, the same pattern
concretely, think of typical 1-bit or 1.5-bit-per-staggeliined ©of X[n] is repeated. If" is large enoughRx x[m| may be
ADCs. In any given stage, the mismatch between a samplifitpdeled as:
capacitorC; and a feedback capacit6k may be represented

by A = |C;/Cs—1|, and we can think that the model of Fig. 6 Rxx[m] = E[XOL”] X[n 4 ml]
is being applied to each stage. Alternatively, we can thinko ~ 1 Z §[m — nT] 3)
as what collectively represents the overall capacitor ratsm 2~

The calibration procedure in Fig. 6 is as follows. First, . ) ) ) ) )
the capacitor mismatch is correlated with a causal pseudoWhered[n] is the discrete-time delta function. This model is
random signalX[n] (+1 or —1 with equal probability for @PProximately valid, as the correlation &f[n| and X[n +m|
n > 0; 0 for n < 0) and this correlation is added to the realS aPproximately zero if m is not an integer multiple of’,
ADC input, V;, [n]. This sum is passed through the ideal Apcand it is exactly one hdlfif m is an integer multiple of” and
We denote the pre-calibrated digital output of the ADC d§€ two sequences overlap perfectly.

Dout[n]. As noted in Fig. 6 Doy [n] = Vin[n]+ X [n]A+e[n], ~ Let us now denote the PSD oX|[n], Vi,[n], and Yn]
wheree[n] is quantization noise. NowD,[n] is correlated @S ®xx(e’*), Pyv(e’”), and @yy(e/*). Using Wiener-
with the same digital pseudo-random signaljn]. Since Khinchin theorem and (3), we obtain:

X?2[n] = u[n] (u[n] is the unit-step function; due to causality), joy
we attainA - u[n] + X [n]Vi,[n] + X [n]e[n] as the outcome of Pxx(e) = y{RXX[m]}
the second correlation. We will denote this signal’ag [n]: T i 5 27rk) @
= e w —_——_— y
Ain[n] = A-un]+ X[n]Vin[n] + X[nle[n] T, = T
= A-uln]+ X[n|Vin[n] )

2For a given ADC inpute[n] depends on the value ot [n], and hence

- ; e[n] and X[n] could be correlated [13]. If the correlation were strong th
Here we have neglected([n]e[n], for V;"[n] > e[n] n omission ofX [n]e[n] should be reexamined, but in practical situations where

Vin[n] is a random signal, the correlation should be negligibly kvea
1we will present our technique in the context of capacitormaitch errors. ~ The approximate nature originates from the “pseudo”-ramuiess.
Its extension to other nonidealities is straightforward. 40One half instead of one is the result of causality, 5] = 0 for n < 0.
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Fig. 6. Correlation-based digital background calibration
and, subsequently, @ W(i-?the . (D)cx\'(ejm)
Dyy (%) = ﬂ{RXX[m] -va[m]} . //////. N s
1 +7 X . —T |0 T [0) —T 0 . p= I
= 5 Dxx(e?)Pyy (eI “™9)dp 2715
™ —T
3 (@) (b)
= 2k q),y(em) q)”(efn)

(®)

The frequency domain illustrations of these results areign F
7. dyy(e?) and x x(e?¥) are in Fig. 7(a) and Fig. 7(b),
respectively. Equation (5) indicates thagy (e/*) is the sum
of repeatedly shifted replicas dft /27") - @y (e/*), which
are shown in Fig. 7(c). From this figure, we can predict that

shown in Fig. 7(d). We now confirm this prediction by carrying
out the summation of (5). In any practical correlation-lohse
digital background calibratior?; is large enough so thatr /T

is much smaller than the input signal bandwidth. Therefore,
dyy (e7) of (5) may be rewritten as

w—HTT

/ q)vv(ej@)de

1

2
1

2

1

Pyy (e7*) Dy (e??)dh

Armd(e),

© T

®yy (/@) will assume a constant value regardless.ofas Fig. 7. PSDs ofbyy (e7%), ®x x (7)), and By y (e7¢).

Amplitude

A
Signal

‘A/2 Noise Floor

-20dB/dec

7

(@

Noise Floor

S

% [Energy of inputV;,[n] (6)

Vi

(0]

where we have resorted to the fact tiat, (ejw) has a period Fig. 8. Frequency-domain representation/of, [n] of (1). Log scale.

of 27 in obtaining the second line.

The analysis above leads to a few meaningful interpretation 3) The noise floor levefbyy (e/“) has no dependence on

of the second ternY'[n] = X[n|V;,[n] of A;,[n] in (1), for
any practical, large-enough value Bf
1) ®yy (e/*) is not a function of frequency, that i¥;[n] =

T'. Increasing pseudo-random signal periBdwill not
help reduce noise floor.

Fig. 8 shows the overall frequency domain picture of

Vin[n] X [n] is a discrete-time white noise. See Fig. 7(d)A;,[n], by combining the white noisg/®yy (e/) and the

2) ®yy(e/*) is half the input signal energy. Thereforemismatch information signa?{A - u[n]} of (2). The mis-
an input signalV;,[n] with larger energy leads to amatch information signal amplitude is equal to the noise
higher white noise floor in Fig. 7(d), making it hardemmplitude atv,. Since the noise, directly affected B, [n],
to extractA from A;,[n] of (1): a longer convergenceis rather strong compared to the mismatch information $igna
time is required to average out the larger noise. Thig is quite small. Therefore, in the vicinity afy, w < 1 and
also explains why foreground calibration is much fastave can model# {A - u[n]} of (2) as a—20 dB/dec line, for

than background calibration. In foreground calibration /(1 — e/*

) =

—A/(jw).

Vin[n] = 0, and hence the noise floor is zero, so we From the analysis above and Fig. 8, we see the function

need much less time for convergence.

of A-extraction block of Fig. 6 is to extrach out of the
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noise floor in frequency domain. We have just transformed M}d?ruiﬁ E&?:

the problem of designing a fastéx-extraction block into a Small BW—
filter design problem. As mentioned earlier, convergenoeti

is determined by thé\-extraction block. Therefore, attaining
faster convergence within a given calibration accuracyois t
design a discrete-time LPF with a bandwidth high enough to 1
settle fast (for convergence time) but low enough to reject
much of the white noise (for accuracy). Building on this filte

design notion, we in the next subsection will explain how our .
fast convergence solution works. J Z A
But before moving on, we would like to further shed light

ggqhh:n t?:lr:‘tee (I;‘glilsesn’?;t::)ed ?(!itke—rexﬁ:’(;t(l;trlil,ﬁ ?j)ée%rci)xl%:]], t[r;?tisthlzelg. 9. 3rd-order discrete-time IR LPF with a variable bafdth scheme.
equivalent to the 1st-order IIR LPF. The iterative method caalgorithm [6], [7] and the averager [8]-[13]): the bandviidt
be generally modeled as: fixed and the tradeoff is directly faced. To satisfy a recgiire
. . . accuracy, the LPF bandwidth is set small enough, resultirzg i
Afln+1] = A[n] +e(Ain[n] — A%[n]) @) long convergence time. Such design constraint becomes more

Here A*[n] denotes the estimated capacitor mismatch after tHeublesome in high resolution applications where catibra
n-th iteration and: denotes the iteration step size. By pluggingCccuracy requirement is stringent.

An[n] of (1) into the equation above, we obtain Our fast convergence technique is enabled by relaxing
the tradeoff between convergence time and accuracy. This

A*[n+1] = A¥[n] + (A = A%[n]) + eX[n]Vin[n]  (8) is achieved by incorporating the Crowley-type bandwidth
switching scheme in the discrete-time IR LPF: we use a large
G’andwidth during the initial calibration transient and aaler
bandwidth near and during the final convergence (steady-
state). This variable bandwidth technique is based on the
notion that convergence speed matters only during trafisien
while convergence accuracy matters only during steade.stat
During the initial calibration phase, in order to achievetéa

A — A*[n] can be regarded as the correction term of eve
iteration, which makes the next iterative valé[n+1] closer
to the real capacitor mismateh. If A*[n] < A, A—A*[n] >

0, and a largef\*[n—+1] results in the next iteration. Similarly,
this algorithm works forA*[n] < A. Consequently, starting
from an initial valueA[0] = 0, A[n] will gradually converge

to A. By settinge to be sufficiently smalle X [n] Vi [n] will convergence, a larger bandwidth is used. Although moreenois

eventua[ly appear as a small random perturbation. . is filtered in due to the larger bandwidth, during this early
The time-domain picture above can be re-examined |

frequency domain. If we considek,,[n] and A*[n] as the pr?1ase of calibration, accuracy is no concern. As conveenc
. m

inout and output of theA-extraction block. by applving.- is approached, bandwidth is switched to a smaller value to
P a . » BY @PPYING”  reduce steady-state convergence errors. By using thidiaelap
transform to (7), we obtain:

bandwidth scheme, we circumvent the tradeoff, substéntial
A*(2) _ € ) reducing convergence time for a given accuracy. In MATLAB
Ain(2) z—-1+¢ behavioral simulations of @3-bit pipelined ADC consisting

The iterativeA-extraction process is no more than a 1st-ord@f 12 1.5-bit stages, the convergence speed was increased by

IR LPF with passband bandwidth The iterative algorithm factor of 18 by our technique, attesting to its validity. We

lets A, [n], which containsA and the noise term, go throughrefer readers to [3] for details of the simulation results.

the 1st-order IR LPF to extrack by filtering out the noise. The_ vanablg bandwidth S‘?he’.“e can _be m_wplement(_ad in-an
The analysis above further supports our picture that yjU-digital fashion at low cost in discrete-time filters bijesing

design of theA-extraction block is essentially a filter desig ultiplication coefficients, as shown_m F'g' 9fora 3rd4_z»rd
problem. From now on, we will treat thA-extraction block PF exampl€. The rest extra cost is simple combinational

exclusively as a discrete-time LPF, and will move on to discul0gic gates and a counter to determine bandwidth switching
how we design the LPF to achieve fast convergence. times.

V. CONCLUSION

B. Fast Convergence Technique We have discussed several published design examples in
Based on the frequency domain picture/of, [n] in Fig. 8, which tradeoffs can be surpassed if the relevant traitsares

we clearly see the trade-off in deciding the LPF bandwidthow separated in time or space. We hope that the perspective

If the bandwidth is small, the convergence will be accuratgesented in this paper can be applied to other designs.

rejecting more noise, but it will take long for calibratioa t _ . . , .

If the bandwidth is larae. convergence will be fa We show an example of a 3-rd order filter, for increasing therfibrder is
converge. e e Wi X ' 9 U Vv g - Wi »1@3nother way of relaxing the tradeoff between the convergempeed and the
but more noise is filtered in, undermining calibration a@cyr convergence accuracy: a higher order increases the cemgergspeed for a
Convergence time trades off with calibration accuracy ki@ t given accuracy. This important technique is also the ouecofithe frequency-

. . . . L. . domain analysis of the correlation-based digital backgdoaalibration, but
bandwidth. In light of this observation, it is easy to apjaez

! : _we did not go over this, as it is irrelevant to the theme of fraper. We refer
the disadvantage of the 1st-order LPF (both the iteratiw@erested readers to [3] for details of this technique.
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