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(57) ABSTRACT 

An high speed analog-to-digital converter, for converting an 
analog input signal (u(t)) With a maximum frequency (Fmax) 
to a digital output signal With an output sampling rate 
(F5) at least double the maximum frequency (Fmax), com 
prises a plurality of analog narroWband ?lters (FO-FM_1) for 
?ltering the analog input signal (u(t)) to produce a corre 
sponding plurality of narroWband signals (XO-XM_1). Each 
narroWband ?lter has a passband. The sum of the gains of the 
narroWband ?lters at any frequency Within an operating 
frequency band of the plurality of narroWband ?lters is 
substantially unity. Each of a corresponding plurality of 
analog-to-digital converter units (ADO-ADM_1) comprises a 
sample-and-hold device (SH) and a quantiZer The 
sample-and-hold devices are clocked by a corresponding 
plurality of clock signals (CDO-CDM_1) respectively, each of 
the plurality of clock signals having a frequency at least 
double the bandwidth of the corresponding narroWband ?lter 
and an integer division of said predetermined sampling rate. 
The converter also comprises sampling and summing cir 
cuitry for sampling the outputs of the analog-to-digital 
converter units sequentially at the predetermined sampling 
rate (Fs) and summing the resulting sampled signals to 
produce the digital output signal The frequencies of 
the plurality of clock signals, and their phase-displacements 
relative to the output sampling clock signal, are such that 
each sample of the analog-to-digital converter output signal 
corresponds to a sampling edge of a different one of the 
sample-and-hold clock signal. 
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HIGH SPEED DIGITAL-TO -ANALOG 
CONVERTER 

BACKGROUND OF THE INVENTION 

[0001] 1. TECHNICAL FIELD 

[0002] The invention relates to analog-to-digital and digi 
tal-to-analog converters, and is especially applicable to high 
speed analog-to-digital converters for Wireless communica 
tions. 

[0003] 2. BACKGROUND ART 

[0004] High speed analog-to-digital converters and digi 
tal-to-analog converters are used in Wireless telecommuni 
cations systems, Where digital receivers are preferred, for 
high speed instruments, for example oscilloscopes, and for 
various other applications. Typically, an analog-to-digital 
converter comprises a clock-driven sample-and-hold circuit, 
Which samples the analog signal at intervals and holds the 
sample values, and a quantiZer Which converts each quan 
tiZed sample into a digital numerical representation. Typi 
cally, the quantiZer Will compare the sample value With a 
number of different voltage thresholds in order to determine 
the value of the sample to Within a fairly small band and 
represent it digitally. It is desirable to provide high resolu 
tion as Well as high speed, but these tend to be incompatible. 
Higher resolutions entail more comparisons, i.e. With a 
larger number of discrete voltage thresholds, Which Will 
increase the processing time required to perform the calcu 
lations. 

[0005] One of the fastest A/D converters, knoWn as the 
“Flash ADC”, applies the sample value to a bank of com 
parators, each of Which compares it With a different refer 
ence or threshold value. The outputs of the bank of com 
parators are applied to a Gray code decoder. Unfortunately, 
such Flash A/D converters require a ladder netWork of 
accurate resistors, preferably laser-trimmed, and so are 
expensive to produce. Consequently, most high speed 
devices presently available commercially have limited reso 
lution are able to digitiZe a 500 MHZ analog signal. Current 
applications, hoWever, may require conversion of signals at 
1 GHZ and higher. 

[0006] In order to convert higher frequency signals, it has 
been proposed to time-interleave tWo or more such high 
speed A/D converters. In a paper entitled “Time Interleaved 
Converter Arrays”, IEEE Journal of Solid-State Circuits, 
Vol. SC-15, No. 6, December 1980, William C. Black, Jr., et 
al, disclosed a time interleaved A/D converter Which used 
four sample-and-hold circuits and four quantiZers and a 
multiplexer to obtain analog-to-digital conversion of an 
analog signal having a frequency four times that of the signal 
handled by each converter. In a paper entitled “A 1-GHZ 
6-bit ADC System”, IEEE Journal of Solid-State Circuits, 
Vol. SC-22, No. 6, December 1987, Ken Poulton et al 
disclosed a time-interleaved analog-to-digital converter 
capable of a sampling rate of one Gigasample per second 
using four sample-and-hold circuits and four quantiZers. 
HoWever, instead of a multiplexer, Poulton et al’s converter 
used four memory banks read sequentially. In both cases, the 
time-interleaved converter arrays used offset clock signals 
for the four different sample-and-hold circuits. Black et al’s 
multiplexer and Poulton et al’s memory readout, hoWever, 
operated at the speed of the system clock Which Was four 
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times the speed of the individual sample-and-hold clock 
signals. Consequently, the sample-and-hold circuits oper 
ated at only one quarter of the overall sampling rate. A 
disadvantage of such time-interleaved converters is that 
phase jitter is produced because the offset clock signals are 
not precisely 90 degrees out of phase With each other, and 
errors arise because of variations in the high-speed clock 
Which operates the multiplexer or memory readout. Also, the 
sample-and-hold circuits each see the full Wideband signal, 
Which places limitations on their capabilities. 

[0007] The problem of obtaining both high speed and high 
resolution has been addressed by a number of people. In a 
paper entitled “High Speed A/D Conversion Using QMF 
Banks”, Proceedings of IEEE International Symposium on 
Circuits and Systems (1990), Petraglia et al disclosed a 
technique for performing A/D conversion using quadrature 
mirror ?lter banks. Petraglia et al used an analysis ?lter bank 
Which comprised a bank of sWitched capacitance ?lters and 
a bank of doWnsamplers. The doWnsampled subband signals 
Were converted by a bank of A/D converter units and then 
applied to a synthesis ?lter bank Which comprised a bank of 
upsamplers and a bank of digital ?lters. Although Petraglia 
et al’s approach avoids the need for offset clock signals, and 
hence avoids the phase jitter problem, it is not entirely 
satisfactory because it uses sWitched capacitance ?lters. 
Discrete time-sWitched capacitance ?lters limit the speed 
and introduce sWitching noise, reducing signal-to-noise 
ratio. Reducing signal-to-noise ratio reduces resolution. 

[0008] US. Pat. No. 5,568,142 issued Oct. 22, 1996 
(VelaZqueZ et al), disclosed an A/D converter using an 
analog analysis ?lter bank and a digital synthesis ?lter bank. 
The use of an analog (continuous time) analysis ?lter bank 
avoids the problems associated With discrete time sWitched 
capacitor ?lters. HoWever, With present technology, it Would 
be extremely dif?cult to achieve 1 Gigasample per second 
conversion rates With the analog-to-digital converter dis 
closed by VelaZqueZ et al. In particular, VelaZqueZ et al use 
several 64 tap digital ?lters in the synthesis ?lter bank. 
Hence, With a rate of 1 Gigasample per second, each digital 
?lter Would have to perform 65><109 multiplication opera 
tions per second and 64><109 addition operations per second. 
With current technology, this number of operations is not 
feasible. 

SUMMARY OF THE INVENTION 

[0009] The present invention seeks to eliminate, or at least 
mitigate, the disadvantages of these knoWn analog-to-digital 
converters. 

[0010] According to one aspect of the present invention, 
there is provided an analog-to-digital converter for convert 
ing an analog input signal (u(t)) having a frequency up to a 
predetermined maximum frequency (Fmax) to a digital out 
put signal having a predetermined output sampling 
rate (F5) equal to at least double the maximum frequency 
(Fmax), the analog-to-digital converter comprising a plurality 
of analog narroWband ?lters (FO-FM_1; FL,FH,FP) for ?lter 
ing the analog input signal (u(t)) to produce a corresponding 
plurality of narroWband signals (XO-XM_1; XL,XH,XP), each 
narroWband ?lter having a passband, the sum of the gains of 
the narroWband ?lters at any frequency Within the passbands 
of the plurality of narroWband ?lters being substantially 
unity, a corresponding plurality of sample-and-hold devices 
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(SHO-SHM_1; SHL,SHH,SHP) clocked by a plurality of clock 
signals (CIJO-CIDM_1; (I>1,(I>2), respectively, each of the plurality 
of clock signals having a frequency at least double the 
bandwidth of the corresponding narroWband ?lter, and a 
plurality of quantiZers (Q0-QM_1) each connected to a 
respective one of the sample-and-hold devices (SHO-SHM_1) 
and operable to provide a digitiZed value of each sample 
held by the corresponding sample-and-hold device, the 
converter further comprising sampling and summing means 
(12,RO-RM_1; 121,122,14; 12,141,142; RL,RH,RP) for sam 
pling and summing the outputs of the quantiZers to produce 
said digital output signal (X(n)), the sampling being carried 
out sequentially at the predetermined sampling rate (Fs) in 
response to an output clock signal (CLK; (I32), the frequen 
cies and phase-relationships of the plurality of clock signals 
(CIDO-CIDM_1; (I>1,(I>2,(I>3) being such that each sample point of 
the output clock signal (CLK; (D2) coincides With a sample 
point of one of the plurality of clock signals (CIJO-CIDM_1; 
CD1>®2§ @pcpvcpa) 
[0011] In one preferred embodiment of the invention, the 
plurality of narroWband ?lters all have the same bandWidth 
equal to one half of the predetermined output sampling rate 
(Fs) divided by the number (M) of said narroWband signals, 
and the plurality of clock signals (CIJO-CIDM_1) all have the 
same frequency equal to the predetermined sampling rate 
(Fs) divided by the number (M) of narroWband signals and 
are phase-displaced relative to each other by one cycle of 
such same frequency divided by the number (M) of clock 
signals. 

[0012] In an alternative embodiment, the plurality of ana 
log narroWband ?lters have non-uniform bandWidths for 
?ltering the analog input signal (u(t)) to produce a corre 
sponding plurality of narroWband signals (XO-XM_1) having 
different bandWidths. 

[0013] The sample-and-hold devices perform the doWn 
sampling function of the usual analysis ?lter bank. Conse 
quently, providing the narroWband ?lters meet certain 
requirements, the plurality of narroWband ?lters and the 
plurality of sample-and-hold devices form an analysis ?lter 
bank. An important one of the requirements is that, at each 
frequency in the operating band, the sum of the squares of 
the magnitudes of the frequency response is equal to unity. 

[0014] The foregoing and other objects, features, aspects 
and advantages of the present invention Will become more 
apparent from the folloWing detailed description, taken in 
conjunction With the accompanying draWings, of preferred 
embodiments of the invention, Which are described by Way 
of eXample only. 

BRIEF DESCRIPTION OF DRAWINGS: 

[0015] FIG. 1 is a block schematic representation of a 
generic M-band analog-to-digital converter according to one 
aspect of the invention; 

[0016] FIG. 2 is a block schematic diagram of a tWo-band 
uniform resolution analog-to-digital converter embodying 
the invention; 

[0017] FIG. 3 is a timing diagram for the analog-to-digital 
converter of FIG. 2; 

[0018] FIG. 4 is a detail diagram illustrating a modi?ca 
tion to the output portion of the analog-to-digital converter 
of FIG. 2; 
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[0019] FIG. 5 is a block schematic representation of a 
second tWo-band uniform resolution analog-to-digital con 
verter embodying the invention; 

[0020] FIG. 6 is a timing diagram for the analog-to-digital 
converter of FIG. 5; 

[0021] FIG. 7 is a block schematic representation of a 
multi-resolution analog-to-digital converter embodying the 
invention; 

[0022] FIG. 8 is a timing diagram for the multi-resolution 
analog-to-digital converter of FIG. 7; 

[0023] FIG. 9 illustrates an octave band ?lter bank suit 
able for use in the analog-to-digital converter of FIG. 8; and 

[0024] FIG. 10 is a schematic diagram of an M-band 
digital-to-analog converter according to a second aspect of 
the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0025] Referring to FIG. 1, a high speed analog-to-digital 
converter for providing a digital output signal X(n) from an 
analog input signal u(t) comprises a bank of M narroWband 
analog ?lters F0 to FM_1, the input terminals of Which are 
connected in common to an input terminal 11 to receive the 
analog input signal u(t). The maXimum frequency of input 
signal u(t) is FmaX. There is a certain degree of overlap 
betWeen the frequency spectra of the analog ?lters F0 to 
FM_1, for reasons Which Will be explained in more detail 
later. The output terminals of the analog ?lters F0 to FM_1 are 
each connected to a corresponding one of the inputs of a 
plurality of sample-and-hold circuits SHO to SHM_1, respec 
tively, Which have their output terminals connected to a 
corresponding plurality of quantiZers QO to QM_1, respec 
tively, Which convert each sample to a corresponding digi 
tiZed value. Each combination of a sample-and-hold circuit 
and a quantiZer itself constitutes an analog-to-digital con 
verter. Consequently, the sample-and-hold circuits and asso 
ciated quantiZers comprise a bank of analog-to-digital con 
verter units ADO to ADM_1 Which may be of knoWn 
construction, for eXample as used in high speed oscillo 
scopes. The sample-and-hold circuits SHO to SHM_1 are 
clocked by clock signals (D0 to (I>M_1, respectively. The 
digitiZed values output from the quantiZers QO to QM_1 are 
buffered by a plurality of registers R0 to RM_1, respectively, 
each clocked by a master clock signal CLK having a 
frequency equal to a predetermined sample rate Fs for the 
digital output signal A summing device 12 sums the 
buffered digitiZed values. The output from the summer 12 is 
passed through an output register ROut Which buffers the 
digital output signal The output register Rout is clocked 
by a clock m Which is the inverse of the master clock CLK. 
The clock signals (D0 to CIJM_1 are derived from the master 
clock signal CLK so that each sampling edge of the master 
clock signal CLK coincides With a sampling edge of one of 
the plurality clock signals. 

[0026] In order to meet Nyquist criteria, the output sample 
rate Fs is at least double the maXimum input frequency F 

max ' 

[0027] Providing the narroWband ?lters F0 to FM_1 meet 
requirements of unity gain mentioned above the bank of 
narroWband ?lters and the bank of sample-and-hold devices 
SHO to SHM_1 form an analysis ?lter bank. Hence, When the 
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narroWband signals XO to XM_1, from analog ?lters F0 to 
FM’1 respectively, have been sampled by sample-and-hold 
circuits SHO to SHM_1, they comprise subband signals. 

[0028] The subband signals are loW pass, band pass and 
high pass signals, each having its oWn spectral information, 
and each having a sample rate determined by the predeter 
mined sample rate (Fs) of the output digital signal X(n) and 
the bandWidth of the corresponding ?lter relative to maXi 
mum input signal frequency Fmax. For eXample, if maXimum 
frequency FrnaX is equal to 1 GHZ., Fs is equal to 2 
Gigasamples/second, and the ?lter bank comprises tWo 
equal ?lter Which have the same bandWidth of 500 MHZ., 
each of the sample-and-hold circuits Will operate at 1 
Gigasamples/second. Each sample-and-hold circuit Would 
hold the sample value for tWo periods of the master clock 
signal CLK. 

[0029] The mathematical input-output relationship of the 
M band embodiment of the invention shoWn in FIG. 1, and 
additional requirements Which, preferably, are met by the 
narroWband ?lters, Will noW be described, for the case Where 
the narroWband ?lter bank is uniform. In the time domain, 
signals are represented in loWer case, e.g. u(t), In the 
frequency domain, upper case is used, eg U(j Q), X(ej‘”). 

[0030] In the frequency domain, the result of ?ltering an 
input signal U(j§2), band-limited to Qk rad/sec (k=0 . . . 
M-l), through each of the analog narroWband ?lters F0 to 
5M4 Whose transfer function is Fk(j Q) is and is given 
y, 

XkUQ)=UUQ) FkUQ) (1) 
[0031] Errors for each of the A/D converter units ADO to 
ADM_1 are modelled as gain error ak and DC offset error bk. 
Hence, in the time domain, the relationship betWeen the 
output signal dk(n) of an idealA/D converter unitAD and the 
corresponding narroWband signal Xk(Il) is given by: 

dk(n)=(1+ak)xk(n)+bk (2) 
[0032] In the frequency domain, aliasing error Will be seen 
along With the gain error and DC. offset error. Hence, in the 
frequency domain, the output signal Dk(ejW) from each of 
the A/D converter units ADO to ADM_1, is given by the 
eXpression:— 

[0033] Where 6 is a delta function, T is the sampling period 
given by 

[0034] and the term 

[0035] is the aliasing error. 

Jan. 30, 2003 

[0036] Substituting for from equation (1) gives: 

Dk (61“) = (4) 

Mil Mil 

[0037] The Wideband digital output signal X(ejQ) obtained 
by summing the signals Dk(eJQ) from the A/D converter 
units ADO to ADM_1 is given by: 

M41 (5) 

m1“) = Z Duel“) 
l<:0 

[0038] Combining equations (4) and (5) gives: 

M41 M41 . . . . (6) 

l<:0 [:0 

Mil M l 

[0039] The summation terms in equation (6) can be rear 
ranged and Written as, 

Mil Mil 
‘ ‘21 1+ ‘ ‘21 (7) Mme-4th o 

E E 

[0040] Equation (7) can be simpli?ed by substituting 
functions Ap(ejQ) and [3, to give: 

[0041] Where Ap(ejW) is the aliasing function for the Whole 
high speed A/D converter and is given by the expression: 

(9) 

o 
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[0042] and the total DC offset error [3 for the Whole 
high-speed A/D converter is given by the expression: 

M41 M41 (10) 

[a = 2H2 bk 2 6(wM - 27w). 
o 

[0043] The condition for avoiding aliasing is: 

AQ(eJ-Q)=eJ-Qdp=0 (11) 

Ap(ejQ)=O p=1 . . . (M-l) (12) 

[0044] Where d is the overall system delay, ie for the 
Whole high-speed A/D converter. The condition for Zero 
D.C. offset error is : 

[0045] B=0 
[0046] In order for the digital output signal x(n) to be a 
so-called perfect or pseudo-perfect representation of the 
input signal u(n), the analysis ?lter bank formed by the 
analog ?lters F0 to FM_1 and sample-and-hold circuits SHO 
to SHM_1 should be designed so that, at any frequency 
Within the operating range, Zero to Fmax, the gains of the 
?lters sum to unity, i.e. |FO(jQ)|2+|F1(jQ)|2+ . . . , +|FM_ 

1(jQ)|2E1 
[0047] This is analogous to the output of an analysis ?lter 
bank being capable of perfect or pseudo-perfect reconstruc 
tion using a corresponding synthesis ?lter bank. 

[0048] The frequencies and relative phase-displacements 
of the clock signals (I)O to CIJM_1 are selected so that every 
sample point of the output signal corresponds to a sample 
point of one of the clock signals (D0 to (I>M_1. Where the 
analog ?lters FO-FM_1 have the same bandWidth, the clock 
signals have the same frequency and are phase-shifted 
uniformly relative to each other by 2J'c/M radians so as to 
subdivide each clock period of the input signal u(t) into M 
equal segments. Hence, for a tWo-band A-to-D converter, 
there Would be tWo sample-and-hold circuits clocked by tWo 
clock signals 180° out of phase With each other, the data 
being stored on the rising edges of each of the clock signals. 
For a four-band converter, the clock signals Would be phased 
at 90° increments relative to each other. 

[0049] The implementation and operation of a tWo-band 
high speed analog-to-digital converter Will noW be described 
With reference to FIGS. 2 and 3. 

[0050] Referring to FIG. 2, the high speed analog-to 
digital converter comprises a high-pass ?lter FH and a 
loW-pass ?lter FL With their inputs connected in common to 
an input terminal 11 to receive the input signal u(t) to be 
digitiZed. The narroWband signal XH from the high-pass 
?lter FH is applied to the respective inputs of a pair of 
sample-and-hold circuits SHO and SH1 Which are clocked by 
clock signals (D1 and (D2, respectively, Which are in antiphase 
relative to each other so that the sample-and-hold circuits 
SH0 and SH1 operate in time-interleaved manner. The 
samples from the sample-and-hold circuits SHO and SH1 are 
applied to quantiZers Q0 and Q1, respectively. In a similar 
manner, the narroWband signal XL from loWpass ?lter FL is 
applied to the inputs of a second pair of sample-and-hold 
circuits SH2 and SH3 Which also are clocked by clock signals 
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(D1 and (D2, respectively. The samples from sample-and-hold 
circuits SH2 and SH3 are applied to quantiZers Q2 and Q3, 
respectively. 
[0051] The quantiZed values L1 and H1 from quantiZers Q0 
and Q1, respectively, are summed by a ?rst summing device 
121 and the quantiZed values L2 and H2 from quantiZers Q1 
and Q2, respectively, are summed by summing device 122. 
A sWitching device 14, conveniently a time multiplexer, 
clocked by clock signal (D2, Which here serves also as the 
output clock signal, selects the outputs of summers 121, and 

122, alternately, for output as digitiZed output signal The sWitching device 14 is clocked so that, When clock 

signal (I)2 is high, the output of summer 122 is selected. 
Conversely, When the clock signal (I)2 is loW, clock signal (D1 
is high and the output is taken from summer 121. Hence, the 
digitiZed values in summers 121 and 122 are sampled on both 
the rising and falling edges of clock signal (D2, Which is 
equivalent to sampling on the rising edges of main clock 
signal CLK. 

[0052] Operation of the tWo-band analog-to-digital con 
verter of FIG. 2 Will noW be described With reference to the 
timing diagram in FIG. 3. For reference purposes, succes 
sive periods of the main clock signal CLK are numbered as 
T1 to T8. Clock signals (D1 and (I)2 are derived from a master 
clock signal CLK, speci?cally by dividing it by tWo. 

[0053] At the beginning of period T1 of clock signal CLK 
a leading edge of clock signal (D1 causes the sample-and 
hold circuits SHO and SH1 to sample signals XL and XH. The 
resulting samples, respectively, immediately are quantiZed 
to produce values LM and H11 Which are summed by 
summing device 12, to produce value All. As can be seen 
from FIG. 3, there Will be some delay due to the time taken 
for quantiZation and also for summing. 

[0054] At the beginning of interval T2 of main clock CLK, 
clock signal (I)2 causes sample-and-hold circuits SH1 and 
SH3 to sample signals XL and XH. The resulting samples are 
quantiZed to produce quantiZed values L21 and H21 Which 
are summed by summer 122 to produce value A21. 

[0055] The process is repeated to produce tWo series of 
values of A1 and A2 at the poles of sWitching device 14, vis. 
A10, A11, A12, A13 and so on at one pole and A20, A21, A22, 
A23, and so on at the other pole. 

[0056] The sWitching device 14 selects the values alter 
nately at the frequency of main clock signal CLK. Thus, 
When clock signal (I)2 is loW, and clock signal (D1 is high, 
values of A1 are selected. When clock signal (I)2 is loW and 
clock signal (D1 is loW, values of A2 are selected. 

[0057] Typically, for example, for an input u(t) having a 
maximum frequency of 1 gigahertZ, the ?lters FL and FH 
Would be 0-500 MHZ and 500-1000 MHZ, respectively. 
Each of the sample-and-hold circuits SHO -SH3 Will sample 
at a rate of 1 gigasample per second. The output signal rate 
Will be at least 2 gigasamples per second. 

[0058] Each A/D converter unit samples at one half of the 
output rate F5, but each narroWband subband signal is 
sampled by tWo sample-and-hold converter units, offset by 
180°, so that the effective sampling is at the full output rate. 

[0059] The analog-to-digital converter of FIG. 2 is 
capable of high accuracy and high speeds Without the usual 
problems associated With time-interleaving. In particular, 
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because the sampled signals XL and XH are narroWband 
signals, the dynamic response requirements for the sample 
and-hold circuits SHO -SH3 is reduced. 

[0060] As illustrated in FIG. 4, it Would be possible to 
modify the output portion of the analog-to-digital converter 
of FIG. 2 so as to avoid the use of tWo summers 121 and 122. 
Thus, in FIG. 4 the outputs L1 and L2 from quantiZers Q0 
and Q1 are supplied to a sWitching device 141, for eXample 
a multiplexer, While the output H1 and H2 from the quan 
tiZers Q2 and Q3 are supplied to a second sWitching device 
142, for eXample another multiplexer. The sWitching devices 
141 and 142 are clocked by clock signal (D2, as before. The 
outputs of the sWitching devices 141 and 142 are summed by 
summing device 12 to provide the digitiZed output signal 

With this arrangement, only one summer 12 is needed, 
but it must be capable of operation at double the rate of 
summers 121 and 122 of FIG. 2. 

[0061] Although the analog-to-digital converters of FIGS. 
2 and 4 produce very accurate results, acceptable accuracy 
for many applications can be obtained With feWer sample 
and-hold circuits, as illustrated in FIG. 5. Thus, in the 
analog-to-digital converter shoWn in FIG. 5, high pass ?lter 
FH and loW pass ?lter FL have their inputs connected in 
common to the input terminal to receive the analog signal 
u(t). The narroWband signals XH and XL from high pass ?lter 
F,, and loW-pass ?lter FL, respectively, are applied to 
sample-and-hold circuits SHH and SHL, respectively. The 
sample-and-hold circuits SHH and SHL are clocked by clock 
signals (D1 and (D2, respectively. As in the embodiments of 
FIGS. 2 and 4, the clock signals (D1 and (D2 are at one half 
the sampling rate Fs of the output signal and in anti-phase 
relative to each other. Hence, the sample-and-hold circuits 
SHL to SHH perform doWnsampling, so the high-pass ?lter 
FH, the loW-pass ?lter FL, and the tWo sample-and-hold 
circuits SHH and SHL effectively form an analysis ?lter bank 
having the “perfect reconstruction/representation” or 
“pseudo-perfect reproduction/representation” capabilities 
previously discussed. The samples from sample-and-hold 
circuits SHH and SHL are digitiZed by quantiZers OH and QL, 
respectively, to provide digitiZed values DH and DL, respec 
tively. The series of values DH and DL from the quantiZers 
QL and OH are buffered by registers RL and RH clocked by 
main clock signal CLK. The buffered digital signals All, and 
AL are summed by summing device 12, the output of Which 
is buffered by an output register Rout, clocked by clock 
signal Cm ie the inverse of master clock signal CLK, before 
being output as the digital representation X(n) of the analog 
input signal u(t). 

[0062] Operation of the tWo-band high speed analog-to 
digital converter of FIG. 5 Will noW be described With 
reference to FIG. 6 Which depicts the timing diagrams for 
the device. 

[0063] For reference purposes, successive cycles of the 
main clock CLK Which are shoWn in FIG. 6 are numbered 
T1 through T8, inclusive. At the beginning of ?rst period T1, 
the rising edge of clock signal (D1 causes the sample-and 
hold circuit SHL to sample the loW-pass narroWband signal 
XL to produce, and hold, a ?rst sample L1. QuantiZer QL in 
analog-to-digital converter unit ADL quantiZes the sample 
L1 to produce a corresponding digital representation DLl. 
The sampling and quantiZing take a certain amount of time, 
Which is much less than one period of clock signal (D1. On 
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the folloWing rising edge of main clock CLK, ie at the 
beginning of period T2, the digital value DL1 is clocked into 
the register RL Which stores it as value AL1 during periods 
T2 and T3 of main clock signal CLK, since the value DL1 
persists at the output of analog-to-digital converter unit ADL 
When the register RL is clocked again at the beginning of 
period T3. 
[0064] The high pass narroWband signal XH, is digitiZed in 
a similar manner. During the ?rst period T1 of main clock 
signal CLK, clock signal (D2 is loW. On the rising edge of 
clock signal (D2 at the end of ?rst clock period T1, clock 
signal (D2 causes the sample-and-hold circuit SHH in analog 
to-digital converter unit ADH to sample the narroWband 
signal XH to acquire and hold sample H1. QuantiZer OH 
quantiZes the sample value H1 to produce a corresponding 
digital value DH1 and, on the neXt rising edge of clock signal 
CLK (start of period T3), transfers the value DH1 into 
register RH Which stores it as value AH1 for tWo periods of 
clock signal CLK. 

[0065] The summing device 12 sums the instant values of 
AH and AL continuously and supplies the sum to register ROut 
Which outputs the value on each falling edge of clock CLK 
(i.e. rising edge of inverse clock 

[0066] Hence, on the falling edge of main clock CLK 
occurring in period T3, register ROut outputs the value 
AL1+AH1 as the digital representation of the current sample 
of input signal u(t). While this processing of samples H1 and 
L1 is taking place, the process of sampling and quantiZing is 
already being repeated for the neXt pair of samples. Thus, on 
the rising edge of clock signal (D1 at the start of period T3, 
analog-to-digital converter unit ADL acquires a second 
sample L2 and quantiZes it to produce a corresponding 
digital representation DL2, Which is stored in register RL. 
Likewise, the rising edge of clock signal (D2 at the start of 
period T4 causes the sample-and-hold circuit SHH in analog 
to-digital converter unit ADH to obtain and hold sample H2 
Which is quantized and stored in register RH. On the neXt 
falling edge of main clock signal CLK, the register ROut 
outputs the sum AL12+AH2. The sequence is repeated for 
subsequent samples. 
[0067] It can be seen from FIG. 6 that the values in the 
registers RH and RL are each stored for tWo cycles of the 
main clock signal CLK. HoWever, the contents of the 
registers RH , and RL do not change at the same time, but 
rather at times Which are separated by one clock period of 
main clock signal CLK. Consequently, the stored values 
overlap. Because register ROut is clocked at the rate of main 
clock signal CLK, it samples the sum of the tWo overlapped 
signals AH and AL once each clock period. 

[0068] Providing the analysis ?lter bank 10 meets the 
conditions set out hereinbefore, the digital signal X(n) out 
putted from register ROut Will be a “perfect or pseudo-perfect 
representation” of the analog input signal u(t). 

[0069] If the input signal is a Wideband signal having a 
bandWidth, say, of 500 MHZ, the main clock signal CLK 
must have a minimum frequency of 1 GHZ to meet Nyquist 
criteria. 

[0070] It Will be seen from FIGS. 5 and 6, that the 
analog-to-digital converter units ADH and ADL sample the 
narroWband signals at a rate Which is one half of the output 
sample rate Fs. For eXample, for an input signal having a 
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bandwidth of 500 MHZ, and an output signal X(n) having a 
sampling rate Fs of 1 Gigasample/sec, each of the analog 
to-digital converter units ADH and ADL samples at a rate of 
only 500 Megasamples/sec. 

[0071] Each output sample value is alternately a value 
Which Was obtained Within the previous half cycle of the 
main clock CLK and a value Which Was obtained approxi 
mately one cycle previously. At any given time, therefore, 
the output from a particular one of the A-D converter units 
ADH and ADL Will be current or delayed. Because the 
signals supplied to the quantiZers QH and QL are, in effect, 
subband signals, and the analysis ?lter bank characteristics 
are carefully selected to ensure correlation betWeen these 
subband signals, in particular in accordance With the prin 
ciples of “perfect or pseudo-perfect reconstruction”, the 
output signal X(n) is an accurate representation of the analog 
input signal u(t). 
[0072] It should be noted that the high speed analog-to 
digital converter uses What, in effect, is an analysis ?lter 
bank to divide the input signal into subband signals, but does 
not use the usual synthesis ?lter bank to recombine them. It 
should also be noted that an analysis ?lter bank comprises a 
set of narroWband ?lters folloWed by a set of doWnsamplers. 
In this case, the sample-and-hold units SHL and SHH provide 
the doWnsampling because each samples at one half of the 
rate of the output signal, and at least double the bandWidth 
of the corresponding one of narroWband ?lters FL and PH. 

[0073] The analog-to-digital converter units ADH and ADL 
do not operate directly upon the input signal but rather upon 
the narroWband signals. Consequently, the need for Wide 
band analog-to-digital converter units is avoided. Because 
the analog-to-digital converter units operate With a narroW 
bandWidth, they are less susceptible to phase errors. For an 
input signal u(t) having a maXimum frequency of, say, 500 
MHZ, and tWo narroWband ?lters FL and FH of equal band 
Width, each analog-to-digital converter unit Would handle 
only 250 MHZ bandWidth. Consequently, since each analog 
to-digital converter unit is still clocked at 500 samples per 
second, it oversamples the narroWband signal and so is less 
affected by phase error. It should also be noted that, because 
the outputs from the tWo A-D converter units ADL and ADH 
are added, differences betWeen the tWo A-to-D converter 
units Would offset each other, making the device less sus 
ceptible to gain error. 

[0074] An advantage of the embodiment of FIG. 5 is that 
it requires only tWo A-D converter units ADL and ADH to 
produce a satisfactory output suitable for use in most Wire 
less telecommunications applications, and the like. If even 
greater accuracy is desired, hoWever, such as for instrumen 
tation applications, and the eXpense of additional analog-to 
digital converter units can be tolerated, the analog-to-digital 
converters of FIGS. 2 and 4 might be preferred. The 
embodiments of FIGS. 2 and 4 potentially are more accu 
rate than that of FIG. 5 because they do not rely upon 
correlation betWeen the instant and previous values of the 
tWo narroWband signals XH and XL. Rather, each narroW 
band signal is sampled at the full output rate. 

[0075] There are applications Where a multi-resolution 
A/D converter Would be desirable. Such a multi-resolution 
A/D converter is illustrated in FIG. 7. The analog input 
signal u(t) having a frequency up to a maXimum FrnaX is 
supplied in common to the inputs of a bank of narroWband 
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?lters comprising a loW pass ?lter FL, a bandpass ?lter FP 
and a high pass ?lter FH, all having different bandWidths. For 
eXample, the bandWidths might be 0-250 MHZ, 250-500 
MHZ and 500 MHZ to 1 GHZ, respectively. The narroWband 
signals XL, XP and XH from the ?lters FL, FP and FH are 
supplied to three sample-and-hold circuits SHL, SHP and 
SHH, respectively. The samples from the sample-and-hold 
circuits SHL, SHP and SHH are quantiZed by quantiZers QL, 
QP and QH, respectively, to provide digitiZed samples DL, DP 
and DH Which are clocked into registers RL, RP and RH, 
respectively. The outputs of the registers are connected to 
respective inputs of a summing device 12 Which sums the 
outputs GL, GP and GH from the registers RL, RP and RH and 
supplies the sum to output register Rout, Which acts as a 
buffer. Registers RL, RP and RH are clocked by main clock 
signal CLK at the predetermined sampling rate FS While 
output register ROut is clocked by the inverse clock signal 
m, ie on the falling edges of main clock signal CLK. 

[0076] The frequencies of clock signals (D1, (I)2 and (D3, 
and their relative phases, are selected so that each sampling 
point/edge of the main clock signal CLK substantially 
coincides With one of the sampling points/edges of the clock 
signals (D1, (D2, and (D3. For eXample, if FrnaX is 1 GHZ, the 
bandWidths of ?lters FL, FP and FH are 0-250 MHZ, 250-500 
MHZ and 500 MHZ-1 GHZ, respectively, and the output 
sample rate FS is equal to at least 2 Gigasamples/second, 
suitable frequencies for clock signals (D1, (D2, and (D3 are 500 
MHZ, 500 MHZ and 1 GHZ, respectively. 

[0077] Again, the ?lters FL, PP and FH, together With the 
sample-and-hold circuits SHL, SHP and SHH, constitute an 
analysis ?lter bank. Also, each combination of a sample 
and-hold circuit and a quantiZer constitutes an analog-to 
digital converter unit. 

[0078] The ?lters XL, XP and XH could comprise an octave 
?lter bank as shoWn in FIG. 9. The octave ?lter bank 
comprises a ?rst stage formed by a loWpass ?lter FLP and a 
high pass ?lter FH having their inputs connected in common 
to receive the input signal u(t). The narroWband signal from 
?lter FH is the high pass signal XH. The ?ltered signal from 
?lter FLP is ?ltered by additional tWo ?lters FL and FP to 
provide the loW pass signal XL and the bandpass signal XP. 
Filters FLp and FH Would have the same bandWidth, eg 500 
MHZ, and ?lters FL and FP Would have the same, loWer 
bandWidth, eg 250 MHZ. 

[0079] The frequency of clock signal (D3 is one half of the 
rate of master clock signal CLK, and the clock signals (I)2 
and (D1 have the same frequency equal to one half the rate 
of clock signal (D3. 

[0080] The operation of the multi-resolution A/D con 
verter, Which is analogous to that of the uniform analog-to 
digital converter of FIG. 2, Will noW be described With 
reference also to FIG. 8. At the beginning of clock period T1 
of main clock signal CLK, the rising edge of clock signal (D1 
causes sample-and-hold circuit SHL to sample narroWband 
signal XL. The sample is quantiZed by quantiZer QL to 
produce quantiZed sample DL1 Which is clocked into register 
RL, as value GL1, by the rising edge at the beginning of main 
clock period T2. The sample-and-hold circuit SHL holds the 
sample for one complete cycle of clock signal (D1, and the 
digitiZed value GL1 remains in the register RL for a similar 
length of time, speci?cally until the end of period T5 of main 
clock signal CLK. 



US 2003/0020644 A1 

[0081] At the beginning of period T2 of clock signal CLK, 
the rising edge of clock signal (D3 causes sample-and-hold 
circuit SHH to sample high pass signal XH and the sample is 
quantized by quantiZer QH to produce digitiZed value DHl. 
The corresponding digitiZed value GH1 is clocked into reg 
ister RH at the beginning of main clock period T3 of main 
clock signal CLK. In this case, digitiZed value GH1 is stored 
in register RH for only tWo periods of main clock signal 
CLK. 

[0082] At the beginning of period T3 of main clock signal 
CLK, the rising edge of clock signal (D2 causes sample-and 
hold circuit SHP to sample bandpass signal XP. The resulting 
sample is quantized by quantiZer QP and clocked into reg 
ister RP by the rising edge at the beginning of period T4 of 
main clock signal CLK. The corresponding digitiZed value 
GP1 is stored in register RP for four periods of main clock 
signal CLK. 

[0083] The summing device 12 (FIG. 9) sums the outputs 
of registers RL, RP and RH at the beginning of each period 
of main clock signal CLK. AlloWing for processing time, the 
result, GL1 and GPO and GHO is available by the neXt falling 
edge of clock signal CLK, and is clocked into output register 
Rout. Values GPO and GHO are, of course, values previously 
obtained by a similar process. 

[0084] The sequence is repeated for subsequent samples of 
the narroWband signals XL, XP and XH to produce a series of 
values, GL1+GPO+GHO, GL1+GPO+GH1, GL1+GP1+GH1, and 
so on as the digital output signal X(n) at the sampling F5. 

[0085] As before, in vieW of the continuous nature of the 
analog signal u(t) and the analysis ?lter bank characteristics 
of the A-D converter, X(n) is an accurate representation of 
input signal u(t), even though each of the individual sample 
and-hold circuits SHL, SHP and SHH does not necessarily 
sample at double the maXimum frequency of the correspond 
ing one of the narroWband signals XL, XP and XH. 

[0086] Various modi?cations may be made to the above 
described embodiments Without departing from the scope of 
the present invention. Thus, in FIGS. 3, 6 and 8, sampling 
is carried out on the rising edges of the clock signals, but it 
Would also be possible to carry out sampling on the falling 
or trailing edges, in Which case suitable alternative compo 
nents Would be selected. 

[0087] It should be noted that embodiments of the inven 
tion differ from time-interleaved D-A converters in that the 
inputs to the A/D converter units are subband signals of the 
Wide-band continuous time input signal u(t). Another impor 
tant difference in embodiments of this invention is that, 
unlike the time interleaved converters, the outputs are not 
time-multiplexed, but rather are summed. 

[0088] Referring noW to FIG. 10, a digital-to-analog 
converter suitable for converting a high speed digital signal 
X(n) to an analog signal u(t) comprises a bank of loWer speed 
D-A converter units DAO, DA1 . . . DAM_1 having their 
inputs connected in common to receive the input digital 
signal The outputs of the D-A converters DAO-DAM_1 
are applied to the inputs of a bank of narroWband ?lters PO, 
P1-PM_1, respectively, the outputs of Which are summed by 
analog summing device 20 to form the analog output signal 
u(t). The bank of narroWband ?lters PO-PM_1 and summing 
device 20 constitute an analog synthesis ?lter bank. 
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[0089] The bank of D-A converters DAO-DAM_1 are 
clocked by a corresponding plurality of clock signals 
CDO-CDM_1 Which all have the same frequency but are offset in 
phase relative to each other, conveniently uniformly. As in 
the case of the A-D converter described hereinbefore, the 
phase offsets are such that each sampling point of the input 
signal X(n) coincides With a sampling point of one of the 
clock signals CD1-CDM_1. 

[0090] Although embodiments of the invention have been 
described and illustrated in detail, it is to be clearly under 
stood that the same are by Way of illustration and eXample 
only and not to be taken by Way of the limitation, the spirit 
and scope of the present invention being limited only by the 
appended claims. 

What is claimed is: 
1. An analog-to-digital converter for converting an analog 

input signal (u(t)) having a frequency up to a predetermined 

maXimum frequency (Fmax) to a digital output signal having a predetermined output sampling rate (F5) equal to at 

least double the maXimum frequency (Fmax), the analog-to 
digital converter comprising: 

(i) a plurality of analog narroWband ?lters (FO-FM_1;FL, 
FH,FP) for ?ltering the analog input signal (u(t)) to 
produce a corresponding plurality of narroWband sig 
nals (XO-XM_1; XL,XH,XP), 
each narroWband ?lter having a passband, the sum of 

the gains of the narroWband ?lters at any frequency 
Within an operating frequency band of the plurality 
of narroWband ?lters being substantially unity; 

(ii) a corresponding plurality of sample-and-hold devices 
(SHO-SHM_1; SHL,SHH,SHP) clocked by a plurality of 
clock signals ((DO-(I>M_1), respectively, 

each of the plurality of clock signals having a fre 
quency at least double the bandWidth of the corre 
sponding narroWband ?lter; and 

(iii) a plurality of quantiZers (QO-QM_1; QL,QH,QP) each 
connected to a respective one of the sample-and-hold 
devices (SHO-SHM_1; SHL,SHH,SHP) and operable to 
provide a digitiZed value of each sample held by the 
corresponding sample-and-hold device; 

(iv) sampling and summing means (12,RO-RM_1; 121,122, 
14; 12,141,142; RL,RH,RP) for sampling and summing 
the outputs of the quantiZers to produce said digital 
output signal (X(n)), the sampling being carried out 
sequentially at the predetermined sampling rate (Fs) in 
response to an output clock signal (CLK), the frequen 
cies and phase-relationships of the plurality of clock 
signals (CDO-CDM_1) being such that each sample point of 
the output clock signal coincides With a sample point of 
one of the plurality of clock signals. 

2. An analog-to-digital converter according to claim 1, 
Wherein the sampling-and-summing means (12, 121, 122 14, 
141, 142, RO-RM_1,) comprises means (RL-RH) for sampling 
the outputs of the quantiZers at the predetermined rate (F5) 
and means (12‘) for summing the samples from the sampling 
means (RO-RM_1). 

3. An analog-to-digital converter according to claim 1, 
Wherein the sampling-and-summing means (12, 121, 122 14, 
141, 142, RO-RM_1,) comprises summing means (121-122) 
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for summing digitized values from the plurality of quantiZ 
ers and sampling means (14) for sampling the summed 
digitiZed values. 

4. An analog-to-digital converter according to claim 1, 
Wherein the plurality of narroWband ?lters all have the same 
bandWidth equal to one half of said predetermined output 
sampling rate (Fs) divided by the number (M) of said 
narroWband signals (XO-XM_1), and said plurality of clock 
signals (CDO-CDM_1) all have the same frequency and are 
uniformly phase-displaced relative to each other by a phase 
angle equal to one cycle of said same frequency divided by 
the number (M) of said plurality of clock signals. 

5. An analog-to-digital converter according to claim 1, 
Wherein the plurality of analog narroWband ?lters have 
non-uniform bandWidths for ?ltering the analog input signal 
(u(t)) to produce a corresponding plurality of narroWband 
signals (XO-XM_1) having different bandWidths. 

6. A digital-to-analog converter, for converting a digital 
input signal into an analog output signal (u(t)), 
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comprising an analog synthesis ?lter bank (DAO-DAM_1) 
having a plurality of inputs and a plurality of outputs, the 
plurality of outputs being connected in common to a sum 
ming device (2) for summing respective output signals from 
the synthesis ?lter bank to provide an analog output signal 
(u(t)), and a plurality of digital-to-analog converter units 
(DAO-DAM_1) having their inputs connected in common to 
receive the digital input signal and each having its 
output connected to a respective one of said plurality of 
inputs of the synthesis ?lter bank (DAO-DAM_1), the digital 
to-analog converter units (DAO-DAM_1) being clocked by a 
plurality of clock signals ((DO-(I>M_1), respectively, the fre 
quencies and relative phase differences of the plurality of 
clock signals (((I>O-(I>M_1) being arranged so that a sampling 
point of the input digital signal coincides With a 
sampling point of one of the plurality of clock signals 
(@O_q)M—1)' 


