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Description 

HYBRID BANDPASS AND BASEBAND DELTA-SIGMA MODULATOR 

5 TECHNICAL FIELD 

This invention relates generally to_ digital 

encoding of electrical signals, and more specifically to 

a delta-sigma modulator. 

10 BACKGROUND ART 

It is desirable to digitize bandpass signals, 

i.e. radio frequency (RF) or acoustic signals, as near to 

the source, such as an antenna or transducer, as possible 

with a high degree of accuracy, and to implement the 

15 analog-to-digital (A/D) conversion on integrated circuits 

in order to make use of the advantages of CMOS digital 

signal processing technology. The delta-sigma modulator 

has become a conunon architecture to implement analog-to­

digital conversion because high levels of accuracy can be 

20 achieved, such as greater than 10 bits, without the need 

for high tolerance components. 

Although delta-sigma modulators are often im­

plemented as a discrete-time system, there is another 

class of delta-sigma modulators, of which the present 

25 invention is included, that operates as a continuous-time 

system. With reference to Fig. 6, in a continuous-time 

modulator, the time-sampling operation takes place within 

the analog-to-digital conversion element 406 within the 

modulator loop 401. Thus, a portion of the modulator 

30 loop 401, including the loop filter 404 operates as 

continuous-time 316 circuitry, rather than discrete-time 

circuitry 317. This is opposed to a discrete-time modu­

lator, as shown in Fig. 7, wherein the time-sampling 

operation takes place before the modulator 401 in a 

35 sample-and-hold circuit 318. Thus, in a discrete-time 

system, the entire modulator loop operates as discrete-
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time circuitry 317. However, pushing the time-sampling 

operation into the noise-shaping loop, as in Fig. 6, 

results in a much higher speed of operation of the modu­

lator and consequently much wider bandwidths can_ be digi-

5 tally converted. Therefore, although the present inven­

tion could be implemented to operate as a discrete-time 

system for lower frequency applications, it is preferred 

that the present invention be implemented as a 

continuous-time system. 

10 The generalized architecture of a continuous-

time delta-sigma A/D converter 15 is shown in Fig. B. 

The delta-sigma A/D converter 15 receives an analog sig­

nal 400 at the input and the analog signal is supplied to 

a delta-sigma modulator circuit 401. The signal 400 is 

15 differenced with a feedback signal 411 at an input delta 

junction 402 to form an error signal 403. The resulting 

error signal 403 is then processed by a loop filter 404, 

which is typically implemented as an integrator or a 

series of integrators, and thus implements the sigma 

20 function. The loop filter 404 provides noise shaping of 

the quantization noise introduced by the A/D converter 

406 in the loop, and thus results in a very high preci­

sion signal conversion. The loop filter 404 can be quite 

complicated in that it can contain multiple feedback 

25 paths from the digital-to-analog converter 410 and possi­

bly also can contain feed-forward paths. The loop filter 

404 implements either a low pass or a bandpass function. 

In the case of a low pass function, the resulting modula­

tor is referred to as a baseband delta-sigma modulator. 

30 In the case of a bandpass function, the modulator is 

referred to as a bandpass delta-sigma modulator, and this 

type of filter is often implemented with resonators. The 

output of the loop filter 404 is sampled with a low-bit, 

typically 1-4 bit, A/D converter 406. The output 407 of 

35 the A/D converter 406 is fed back to the input delta 

junction 402 through a digital-to-analog (D/A) converter 
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410, and is also supplied to digital signal processing 

· (DSP) circuitry 408 to recover a high-precision digital 

signal at the output 416. A sampling clock 414 provides 

timing signals for the A/D 406 and D/A 410 converters, 

5 and an amplifier 412 buffers or delays the clock signal 

that is supplied to the D/A converter 410. 

In the past, delta-sigma architectures have 

been applied to audio signals. However, with the in­

crease in speed of semiconductor technology, delta-sigma 

10 architectures are presently being applied to radio fre­

quency (RF) signals and the standard analog RF signal 

processing chain is being replaced by digital circuitry. 

The A/D converter has been the limiting technology in 

this progression and recently efforts have been made to 

15 improve this technology. Several delta-sigma modulators 

sampling above lGHz have been published, although the 

precision of these devices is still less than adequate 

for most RF systems. 

With reference to Fig. 9, a typical baseband 

20 delta-sigma modulator 401 is shown with the application 

of the delta-sigma modulator being in a RF downconverter 

chain 16 using a low intermediate frequency (IF) 

conversion scheme. In Fig. 9, portions of the circuit 

identical to that shown in Fig. 8 are referred to by 

25 common element numbers, with explanation thereof being 

omitted. · The loop filter within the modulator 401 is 

shown to be a low-pass filter 462. Using a single base­

band delta-sigma modulator requires expensive image re­

jection filtering 452, 456 before the mixing. The reason 

30 that the additional filtering is required is that in a 

typical baseband modulator~ the opposite sideband needs 

to be suppressed or else it will leak across into the 

desired sideband and will corrupt the signal. The filter 

required to suppress the opposite sideband is typically 

35 quite expensive and it is not typically possible to inte­

grate the filter on chip. In Fig. 9, this additional 

! I 
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filtering is shown to be prior to the delta sigma modula­
tor 401, as the signal is received at input antenna 450 
and proceeds through a first bandpass filter 452, an 
amplifier 454, and then a second bandpass filter 456, the 

5 output signal of the second bandpass filter 456 being 
frequency translated with a downconversion mixer 458 with 

a signal from a local oscillator 470. 
An alternate RF downconversion scheme using two 

baseband delta-sigma modulators is an image rejection 
10 architecture 17, shown in Fig. 10. After the RF input 

signal proceeds from the input antenna 500 through pre­
fil tering 502 and amplification 504, a quadrature, 

single-sideband image rejection mixer 519 is used to 
create in-phase (I) and quadrature (Q) channels of a 

15 complex baseband or low IF signal. These channels are 
sampled by two synchronous baseband delta-sigma modula­
tors 510, 520 to produce output Q and I signals 514, 532 
which are sent to a digital signal processor (not shown) 
for signal recovery. The leakage of one sideband into 

20 the other sideband is determined by the phase error of 
the -90 degree offset circuit 516 and by any magnitude or 
phase deviation in the analog circuitry between the two 

channels, Q and I. In the present state of semiconductor 
processing, it is possible to attain about -30 dB 

25 sideband leakage. This reduces the pre-filter image 
rejection requirements by 30 dB. (It is also possible to 
implement a direct conversion architecture, where the 
local oscillator is placed in the center of the band, but 
the signal conversion precision is then limited to ap-

30 proximately 30 dB.) 

A third common architecture utilizes a bandpass 
delta-sigma modulator 560 in an RF downconverter chain 

18, as shown in Fig. 11. The architecture is similar to 
the baseband architecture shown in Fig. 9, except that in 

35 the loop filter 558, the low-pass filter has been re­
placed by a bandpass filter. This facilitates direct 
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sampling of the RF signal without analog downconversion 

mixing. The output 556 of the delta-sigma modulator 560 

is supplied to a digital downconverter mixer 580 to cre­

ate the Q and I channels, 564, 566 of the baseband sig-

5 nal. The local oscillator, represented by function block 

585, typically operates at ~ of the frequency of the 

sample clock 592. The output Q and I channels 564, 566 

are then passed to a digital signal processor to recover 

the digital signal. This architecture has the advantage 

10 of requiring only a low quality bandpass filter 552 be­

fore the data converter and some amplification 504. 

In the digital downconverter mixer circuit 580, 

the local oscillator performs the function (cos 2nft), 

represented by block 585, where f is frequency of the 

15 local oscillator and t is time. In the sampled time 
domain, the value t can be replaced by the value n/fs, 

where n is the sample number and f s is the sample clock 

rate. It is generally desired to maintain the local 

oscillator rate at ~ of the frequency of the sample 

20 clock. The reason for this is to provide a simpler im­

plementation of the mixer, which will become evident 

below. When the. local oscillator rate is maintained at ~ 

of the sample rate, the value f can be replaced by the 

25 

30 

35 

value fs/4, where fs is the sample rate. This produces 

the function (cos 2n fs ~), which can be reduced to (cos 
rm 4h · 
- ) • Substituting the value O for the sample number, n, 

2 
produces (cos 0) which equals 1. When n = 1, the func-

tion is (cos .!! ) , which equals O. When n = 2, the func-
2 

tion is (cos n); which equals -1, and 

f · · 3n · · h 1 O unction is (cos - ) whic equa s . 
2 

when n = 3, the 

This pattern of 1, 

O, -1, 0 repeats for subsequent values of n, and since 

the values O, 1 and -1 are perfectly represented by 2 

bits, a simple implementation of the mixer results. The 

majority of bandpass delta-sigma modulators are designed 

so that the digital local oscillator operates at ~ of the 

sample rate. 

i I 
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Although wideband bandpass delta-sigma modula­

tors have been built with sample rates near or over 1 

GHz, their performance has been limited to near 60 dB 

dynamic range with approximately 25 MHz of bandwidth. 

5 However, some applications require over 100 dB of ·dynamic 

range and there are some physical problems with imple­

menting such a structure in a production environment. 

First, the loop filter is quite complicated and requires 

several tuning circuits to achieve the required center 

10 frequency and quality-factor of the resonator. Second, 

the tolerable loop.delay is much less· than that of a 

baseband modulator. Loop delay is the time that it takes 

for the A/D converter in the loop circuit to be clocked, 

for the data to settle, and for the data to be latched 

15 back to the input by the D/A converter. Phase margin in 

the loop circuit is achieved by adjusting the unity gain 

frequency of the integrators. By lowering the unity gain 

frequency, more phase margin can be achieved. With more 

phase margin, more loop delay is tolerable. It is possi-

20 ble to have up to 1/(2Fs) loop delay in baseband modula­

tors, where Fs is the frequency of the sample clock. 

However, in bandpass modulators, it is very difficult to 

stabilize the modulators with even 1/(lOFs} loop delay 

because these devices lack the integrators used to con-

25 trol stability. For example, assuming the bandpass fil­

ter is operating at ~ of the sample-rate, to directly 

· sample an RF signal at lGHz, would require a 4GHz clock 

rate and a bandpass loop filter at lGHz. Using a 

1/(lOFs) loop delay requirement, a 4GHz sample clock 

30 would need a loop delay of less than 25psec, which is 

nearly impossible in today's technology. Going to higher 

frequencies presents even more of a problem. 

Various attempts to improve the recovery of IF 

and RF bandpass signals using delta-sigma modulators are 

35 reported in the art. U.S. Patent No. 4,857,928 to Gailus 

et al., for example, explains that when a mixer is used 
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to move the bandpass signal down to the baseband range 

before applying it to a delta-sigma A/D converter, it· 

becomes difficult to distinguish between a desired 0 Hz 

component of the signal and an undesired DC off set ac-

5 quired attached to the signal. To accommodate for this, 

Gailus et al. have their mixer output fed to a 

continuous-time delta-sigma modulator that includes an 

additional DC correction circuit in its feedback path. 

Their delta-sigma modulator receives the output from the 

10 mixer, filters the signal and then subtracts the DC com...; 

ponent from the previous sample before applying the re­

sult to a quantizer. 

U.S. Patent No. 4,888,557 to Puckette, IV et 

al. explains that another limitation of using delta-sigma 

15 modulation is that the A/D converter typically needs to 

function at four times the target ~ignal's frequency. 

Puckette, IV et al. explain that this high clock rate can 

be reduced to 4f/2n+l, where f is the target signal's 

frequency and n is an integer O, 1, 2, etc., as long as n 

20 does not introduce spectral aliasing. 

U.S. Patent No. 5,729,230 to Jensen et al. 

shows a delta-sigma modulator suitable for operation with 

signals up to 1 GHz. Jensen et al. apply a received 

signal to a voltage-to-current converter and construct a 

25 current-based delta-sigma converter. A received signal 

is applied to a tunable resonator, the output of the 

resonator is applied to a quantizer, and the output of 

the quantizer is applied to a D/A converter before being 

fed back to the input. By implementing a tunable resona-

30 tor, their delta-sigma modulator can function as both a 

bandpass A/D converter and a baseband A/D converter. 

U.S. Patent No. 5,734,683 to Hulkko et al. 

shows a structure for adapting a baseband delta-sigma 

converter for use with intermediate frequency signals. 

35 This, Hulkko et al. explain, makes them suitable for 

radio telephone applications. Hulkko et al. use switched 
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capacitor switching elements to implement both a mixer 

and an automatic gain control circuit, which reportedly 

reduces the number of components required. 

It is an object of the present invention to 

5 provide a delta-sigma modulator that combines the benefi­

cial features of baseband delta-sigma modulators with the 

beneficial features of bandpass delta-sigma modulators, 

to result in a modulator that includes simpler loop fil­

ters with more tolerable loop delay and that does not 

10 require expensive pre-filtering. 

15 

It is a further object of the present invention 

to provide a delta-sigma modulator having lower power 

consumption, reduced A/D converter clock speed and simple 

clock decimation schemes. 

SUMMARY OF THE INVENTION 

The above obj.ects have been met by a delta­

sigma modulator having a downconverter mixer circuit in 

the forward path of the modulator and an upconverter 

20 mixer circuit in the feedback path of the modulator. The 

modulator consists of a loop filter having two compo­

nents, a bandpass filter before the downconverter mixer 

and a low-pass filter after the downconverter mixer. The 

mixer circuits can be implemented as single-sideband 

25 mixers with in-phase and quadrature paths. In such a 

modulator, the loop filter component after the quadrature 

mixer contains two low-pass filters, one for the in-phase 

path and another for the quadrature path. The feedback 

also has two paths, which are recombined in the 

30 upconverter mixer circuit and produces a real, analog 

signal to be fed back to the input. A large number of 

arrangements of this type of modulator exist including 

arrangements with multiple intermediate feedback paths to 

both the baseband loop filter and the bandpass loop fil-

35 ter sections. Additionally, this modulator can be imple­

mented in a cascade type structure using known methods. 
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The digital output of the modulator's ADC(s) represent a 

baseband signal and it is decimated with digital signal 

processing as in conventional delta-sigma modulator con­

figurations. 

5 Thusi the resulting hybrid bandpass and 

baseband delta-sigma modulator of the. present invention 

provides some of the benefits of a bandpass delta-sigma 

modulator, ~uch as simpler pre-filtering, and some of the 

benefits of a baseband delta-sigma modulator, such as 

10 excessive loop delay compensation. Other advantages 

provided by the present invention include low power con­

sumption and improved image rejection. Low power con­

sumption is attained by only requiring one high current 

stage for linearity, similar to a bandpass delta-sigma 

15 modulator. In contrast, the quadrature baseband arrange­

ment of the prior art, shown in Fig. 10, requires two 

high current mixers and two high current delta-sigma 

input stages. In the arrangement of the present inven­

tion, the linearity requirements of the mixers inside the 

20 loop are reduced by approximately the gain provided by 

the first part of the loop filter over the bandwidth of 

interest. The improved image rejection of this invention 

is achieved by moving the mixing operation into the loop. 

The gain and phase mismatch errors between the quadrature 

25 paths of the loop are operating primarily on the 

quantization noise and not the signal, and therefore the 

mismatch error effects are reduced. This further works 

to reduce the requirements of the pre-filter. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a block diagram of a double-sideband 

hybrid bandpass and baseband delta-sigma modulator em­

bodiment of the present invention. 

Fig. 2 is a block diagram of a single-sideband 

35 hybrid bandpass and baseband delta-sigma modulator em­

bodiment of the present invention. 

i I 
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Fig. 3 is a block diagram of the embodiment of 

Fig. 2 having reduced sample-rate circuitry. 

Fig. 4 is a first implementation of the embodi­

ment of the invention of Fig. 3. 

5 Fig. 5 is a second implementation of the em-

bodiment of the invention of Fig. 3. 

Fig. 6 is a block diagram of a continuous-time 

delta-signal modulator, as known in the prior art. 

Fig. 7 is a block diagram of a discrete-time 

10 delta-signal modulator, as known in the prior art. 

Fig. 8 is a block diagram of a general delta­

sigma A/D conversion architecture, as known in the prior 

art. 

Fig. 9 is a block diagram of RF receive systems 

15 using a baseband delta-sigma modulator, as known in the 

prior art. 

Fig. 10 is a block diagram of RF receive sys­

tems using an image-rejection delta-sigma modulator, as 

known in the prior art. 

20 Fig~ 11 is a block diagram of RF receive sys-

25 

tems using a bandpass delta-sigma modulator as known in 

the prior art. 

BEST MODE FOR CARRYING OUT THE INVENTION 

With reference to Fig. 1, a first embodiment of 

the present invention is a double-sideband hybrid 

bandpass and baseband delta-sigma modulator 25. The 

double-sideband modulator includes a downconverter mixer 

circuit 30 in the forward path and an upconverter mixer 

30 circuit 38 in the feedback path. An input RF signal is 

received at an antenna 20 and proceeds through some pre­

filtering circuitry 22 and low noise amplification 24 

before being input to the modulator. The first circuit 

of the modulator 25 is an input delta junction 26 wherein 

35 the input signal 21 is differenced with the feedback 

signal 23 to create the error signal 29. The error sig-
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nal 29 is supplied to a bandpass noise-shaping filter 28 

and then to a downconverter mixer 30 where the signal is 

mixed with a signal from a local oscillator circuit. The 

local oscillator 45 operates at ~· the sample clock fre-

5 quency. Since this is a double-sideband mixer, a low IF 

is required with extensive pre-filtering 22 to eliminate 

the opposite sideband at.RF. The signal from the 

downconverter mixer 30 is then integrated through a low­

pass noise-shaping filter 32 producing high precision low 

10 IF signal. The signal is then quantized with an A/D 

converter 34 which produces a digital signal 63, and is 

supplied to a digital signal processor 60 for decimation 

and signal recovery. The digital signal 63 is also fed 

back to an upconverter mixer 38 in the feedback path 

15 wherein the signal is mixed with a signal from a second 

.local oscillator.90, implemented as the sequence [1, O -

1, O] as previously described. The upconverter mixer 38 

produces a signal that is then supplied to a digital-to­

analog converter 50. The analog output of the digital-

20 to-analog converter 50 is the feedback signal 23 that is 

supplied back to the input delta junction 26. 

A sampling clock 46 provides the timing signals 

for the modulator 25, the clock signals being supplied to 

the A/D converter 34, and to the D/A converter 50 after 

25 buffering 48. The analog local oscillator for mixer 30 

is derived from a divide-by-four circuit 45 off of the 

sample clock 46. The digital local oscillator for mixer 

38 is implemented with the function (cos n.!!), block 90, 
. 2 

also operating at ~ of the frequency of the sampling 

30 clock. As explained previously, it is generally desired 

to have the local oscillator oper~te at ~ of the sample 

rate in order to provide a simpler implementation of the 

mixer circuits. However, other frequencies can also be 

used for the frequency of the local oscillators, depend-

35 ing on the particular application. The analog-to~digital 

! I 
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converter 34 and., the D/A converter· 50 clock at the full 

rate of the clock. 

With reference to Fig. 2, a second embodiment 

of the present invention is a single-sideband hybrid 

5 bandpass and baseband delta-sigma modulator 125. As in 

the double-sideband embodiment of Fig. 1, prior to the 

modulator 125, an input RF signal is received at an an­

tenna 20 and proceeds through some pre-filtering cir­

cuitry 22 and a pre-amplifier 24 before being input to 

10 the modulator 125. However, the pre-filtering require­

ments are not as stringent as required for the double 

side-band embodiment of Fig. 1. The first circuit Of the 

modulator 125 is an input delta junction 26 wherein the 

input signal 21 is differenced with the feedback signal 

15 23 to create the error signal 29. 

supplied to a bandpass filter 28. 

The error signal 29 is 

Then, the output of 

the bandpass filter 28 is supplied to a downconverter 

mixer 30 which converts the signal to a low IF creating a 

complex signal consisting of quadrature (Q) 27 and in-

20 phase (I) 31 channels. Each of these channels is pro­

cessed through a low-pass filter 32, 33 and an analog-to­

digital converter 34, 35. The resulting output channels, 

Qout 36 and lout 37, are then supplied to a digital sig­

nal processor 60 for decimation filtering and signal 

25 recovery. The output channels Qout 36 and Iout 37 are 

also fed back to the quadrature upconverter mixer 38 

located in the feedback path which upconverts the complex 

digital low IF channels to a digital bandpass signal. 

From the output 49 of the quadrature upconverter mixer 

30 38, the digital bandpass signal is then supplied to a 

digital-to-analog converter 50 which converts the digital 

bandpass signal to an analog bandpass feedback signal 23 

which is supplied back to the input delta junction 26. 

Referring to Fig. 3, the single-sideband modu-

35 later embodiment of Fig. 2 is shown with the reduced 

sample-rate circuitry. In the modulator 325 of Fig. 3, 
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the analog-to-digital converters 34 and 35 clock at half 

the rate of the master clock while the D/A converter 

clocks at the full rate of the master clock. This reduc­

tion in sample rate is possible when the local oscilla-

5 tors operate at ~.the sample clock frequency. As previ­

ously mentioned, the sequences of the ~igital local os­

cillators are [.1, O, -1, 0] in the I channel and [.O, 1, 

O, -lJ in the Q channel. Thus, the output of the 

upconverter mixer in Fig. 3 is [lout (1) Qout (2), -lout 

10 (3), -Qout (4), .•. ]. It is noted that every other sam-

ple in either channel is discarded. Thus, the sample· 

rates of the A/D converter 34 and 35 may be reduced by a 

factor of two. These A/D converters c~n be sampled at 

different clock phases to produce the desired outputs 

15 [lout (1), lout (3), ••• ] and [Qout (2), Qout (4), •.• ] 

or can be sampled in phase and thus requiring the I chan­

nel to be appropriately delayed. This delay 53 must 

occur in the feedback path effectively after upsampling 

52, as well as in the output path after modulator 325 and 

20 after upsampling 52. The upconversion feedback circuit 

67 reduces to simple logic. The output path circuitry 68 

can be absorbed into the DSP 60 without the cost of addi­

tional circuitry. The reduction in sample rate allows 

for advantages in implementation, such as lower power 

25 operation and/or faster overall speed of operation due to 

a longer allowable settling time of the A/D circuits. 

With reference to Fig. 4, an implementation of 

the embodiment of the invention shown .in Fig. 3 is a 

third order single-sideband hybrid bandpass and baseband 

30 delta-sigma modulator.725. This modulator 725 has a 

resonator 28 and two feedback paths common to both loops. 

Then the loops are split into two channels 27 and 31 with 

an image rejection mixer 30. A separate integrator, 32 

and 33, per channel 27 and 31 follows image rejection 

35 mixer 30 for further noise shaping and stability control. 

As in the previously described embodiments, the input 

; I 
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signal 21 is supplied to the input delta.junction 26 and 
·.~·J' ·.~· .· ~ ·. . 

is differenced with the feedback signal 23. The output 

29 from the input delta junction 26 is supplied to a 
resonator 28 and is then differenced with a second feed-

s back signal 93 from a second feedback loop at a second 

delta junction 96. The output of the delta junction 96 

is supplied to a quadrature mixer 30 which performs 
downconversion to an intermediate frequency, IF, by mix­
ing the signal with a signal from a local oscillator 45 

10 with -90 degree phase offset 18 to produce the quadrature 

ch,annel Q 27 and in-phase channel I 31 of the baseband 

signal. Quadrature mixer 30 may alternately downconvert 

its input signal to the baseband, but downconversion to a 

low IF is pref erred since this avoids OHz components and 
15 reduces image rejection problems. The Q channel 27 is 

supplied to a first integrator 32 which implements a low­

pass function and provides noise-shaping. The output of 
the integrator 32 is then supplied to an A/D converter 34 

which converts the signal to digital baseband signal, 
20 Qout 36. The I channel loop operates in a similar manner 

to the Q channel loop, except that it operates 90 degrees 

out of phase from the Q channel. ·The I channel 31 is 

supplied to a second integrator 33 and then the signal is 

supplied to A/D converter 35 for conversion to a digital 
25 baseband signal, rout 37. The digital baseband output 

channels Qout 36 and Iout 37 constitute the output of the 

modulator and are then supplied to reduced sample rate 

compensation circuitry 68 in the output path consisting 

of upsampling by two 51, 52, with a unit delay 53 in the 

30 I channel 37. Then, the channels are supplied to digital 

signal processing 60 for decimation. The channels are 
also supplied into the feedback path to the upconversion 

circuit 67 previously described. The output 49 of the 
upconversion circuit 67 is split into two feedback paths. 

35 One path is supplied through D/A converter 94 and gain 

element 69 to form feedback signal 93 at second delta 
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junction 96, and the other path is supplied through D/A 
converter 50 to form feedback signal 23 at input delta 

junction 26. 

The modulator 725 of Fig. 4 takes advantage of 

5 the power savings in the image reject mixer 30, which is 

attained by having the resonator 28 precede it. The 

center frequency of the resonator 28 can be virtually 

anywhere within the passband and its quality factor can 

be relatively low (10 to 25) as long as there is suffi-

10 cient gain across the bandwidth of interest. This allows 

for plenty of variation of the resonator in manufacturing 

and in drifting over temperature and other environmental 

factors. The gain of the resonator reduces the required 

third order intercept point, IP3, of the mixers by ap-

15 proximately the gain in the resonator.· 
Another implementation, of the single side-band 

embodiment of the·present invention is shown in Fig. 5, 

which is a fourth order single-sideband hybrid bandpass 

and baseband delta-sigma modulator 825. Typically, the 

20 higher order implementations of the invention provide 

better suppression of quantization noise, so therefore 

this implementation, being a fourth order circuit, would 

be the preferred embodiment of the invention. Alterna­

tively, other implementations of the invention can be 

25 made to produce even higher order circuits, however these 

may be more difficult to stabilize. The modulator 825 of 

Fig. 5 is similar to the third order architecture of the 

modulator shown in Fig. 4, except that an extra integra­

tor and an extra feedback path has been added in each 

30 loop. With reference to Fig. 5, after the input signal 

21 is differenced with the feedback signal 23 at the 

input delta junction 26, the resulting signal 29 is sup­

plied to a resonator 28. The output of the resonator 28 

is differenced from a second feedback signal 93 at a 

35 second delta junction 96 and the output is supplied to 

mixer 30 which performs the downconversion to a low IF. 

i I 
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The channels Q 27. and I 31, are suppliecd:. to a respective 

integrator 32, 33 for noise-shaping. Then the channels 

are provided to separate identical local feedback loops. 

Each channel is differenced with a respective, local 

5 feedback signal 123, 133 at a respective, local delta 

junction 70, 80 and their output is supplied to a 

respective second integrator 72, 82. A low pass response 

is provided by each pair of integrators 32, 72 and 33, 

82, together with the feedback path. Each of the outputs 

10 of integrators 72 and 82 is supplied to a respective A/D 

converter 34, 35 to produce the digital baseband channels 

Qout 36 and lout 37. Upsampling logic circuit 68 re­

ceives Iout and Qout channels 36, 37 and upsamples them 

by two 51, 52, with the I channel 37 having a unit delay 

15 53. The outputs of upsampling logic circuit 68 are sup­

plied to digital signal processor 60 for decimation. The 

modulator outputs 36, 37 are also fed back to the 

upconversion circuit 67 to produce a digital bandpass 

signal. The digital bandpass signal is supplied to a 

20 digital-to-analog converter 50, which provides the analog 

bandpass feedback signal 23. The digital bandpass signal 

is also supplied to the D/A converter 94 with gain ele­

ment 69, which provides the analog bandpass feedback 

signal 93. Additionally, the output channels 36, 37 are 

25 supplied to local D/A converters 76, 86 with gain element 

69 in each local feedback loop to provide the local feed­

back signals 123, 133 for each of the local feedback 

loops. 

The improvement in performance in the fourth 

30 order single side-band hybrid architecture of Fig. 5 is 

to increase the bandwidth and/or improve the signal-to­

noise and distortion ratio, SINO, for a given clock rate. 

Also, the spurious-free-dynamic-range (SFDR) improves as 

idle tones are further suppressed. 

35 The hybrid bandpass and baseband delta-sigma 

modulator circuits of the present invention can be imple-
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mented in CMOS., p~ BiCMOS technologies, with silicon ger­

manium (SiGe) ~i¢Mos as the preferred technology for 

application to)THF, L, and S-band communications and 

radar systems •. Alternatively, CMOS. technologies can be 

5 used for lower.frequency applications such as sonar and 

ultrasound and· other acoustic applications. 

In t~e Figures, mixer 38 has.been shown as a 

digital mixer preceding D/A converter 50. Mixer 38 could 

equivalently qe an analog mixer following D/A converter 

10 50 and 94. In: the case of the single-sideband hybrid 

bandpass and baseband delta-sigma modulator having an in­

phase and quadrature upconverter mixer, D/A converter SO 

could multiplex the quadrature Q channel 36 and the in­

phase I channel 37 to independently convert each of the 

15 feedback Q and I channels into respective analog Q signal 
components and analog I signal components. The analog Q 

signal componen~s would be coupled to the quadrature 

upconverter mixer and the analog I signal component would 

be coupled to the in-phase upconverter mixer. The out-

20 puts of the quadrature and in-phase mixers are summed to 

produce the real analog feedback signal. Alternatively, 

D/A converter 50 could be implemented as first and second 

D/A converter blocks. The first D/A converter block 

would couple quadrature Q channel 36 to the quadrature 

25 upconverter mixer, and the second D/A converter would 

couple the in-phase I channel 37 to the in-phase 

upconverter mixer. Again, the two mixers are summed to 

produce the real analog feedback signal. 

'I 
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Claims 

1. A delta-sigma modulator comprising: 

an input node for receiving an input signal; 

a f eedforward path having a feedforward input 

and a feedforward output; 

a feedback path having a feedback input and a 

feedback output, said feedforward output being coupled to 

said feedback input for producing a feedback signal 

10 traveling along -said feedback path to said feedback 

output; 

a first delta junction for differencing the 

signal content of said input node and said feedback 

output, and coupling the result to said feedforward input 

15 to produce a f eedforward signal traveling along said 

feedforward path to said feedforward output; 

said feedforward path having a downconverter 

mixer and an analog-to-digital converter, ADC, said 

downconverter mixer being effective for shifting said 

20 feedforward signal along the frequency spectrum to a 

lower carrier frequency, said ADC being effective for 

digitizing said feedforward signal and placing the result 

on said feedforward output; 

said feedback path having an upconverter mixer 

25 and a digital-to-analog converter, DAC, said upconverter 

mixer being effective for shifting said feedback signal 

along the frequency spectrum to a higher carrier 

frequency, said DAC being effective for converting said 

feedback signal to the analog domain. 

30 

35 

2. The delta-sigma modulator of claim 1 wherein said 

upconverter mixer is placed before said DAC in said 

feedback path and is a digital upconverter mixer. 

3. The delta-sigma modulator of claim 1 wherein said 

upconverter mixer is placed after said DAC in said 
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feedback path and is an analog upconverter mixer •. 

4. The delta-sigma modulator of claim 1 wherein said 

delta-sigma modulator is implemented as a continuous-time 

5 system. 

10 

15 

5. The delta-sigma modulator of claim 1 wherein said 

delta-sigma modulator is implemented as a discrete-time 

system. 

6. The delta-sigma modulator of claim 1 wherein said 

feedforward path further includes a signal-shaping filter 

effective for shaping the noise components of said 

feedforward signal. 

7. The delta-sigma modulator of claim 6 wherein said 

signal-shaping filter is a low pass filter and is placed 

after said down converter mixer in said feedforward path. 

20 8. The delta~sigma modulator of claim 1 further 

including a bandpass filter placed before said 

downconverter mixer in said feedforward path. 

9. The delta-sigma modulator of claim 1 further having 

25 a sampling clock for controlling said ADC in said 

30 

35 

f eedforward path, and also having a first local clock for 

controlling said upconverter mixer in said feedback path, 

said first local clock having a frequency substantially 

equal to ~ of the frequency of said sampling clock. 

10. The delta-sigma modulator of claim 8 further having 

a second local clock for controlling said downconverter 

mixer in said feedforward path, said second local clock 

having a frequency substantially equal to ~ of the 

frequency of said sampling clock. 

i11iiiiU 

I 
! 
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11. The delta-sigma modulator of claim 1 further havinq 

a sampling clock for controlling said DAC in said 

feedback path and also having a local clock for 

controlling said ADC in said f eedforward path, said local 

5 clock having a frequency substantially equal to half of 

the frequency of said sampling clock. 

12. The delta-sigma modulator of claim 1 wherein .said 

downconverter mixer is a single-sideband downconverter 

10 producing an in-phase channel and a quadrature channel. 

13. The delta-sigma modulator of claim 12 wherein said 

·. ADC in said feedforward path includes an in-phase ADC and 

a quadrature ADC, said in-phase ADC being coupled to said 

15 in-phase channel and said quadrature ADC being coupled to 

said quadrature channel. 

14. The delta-sigma modulator of claim 13 wherein said 

upconverter mixer in said feedback path is a single-

20 sideband upconverter having an in-phase upconverter mixer 

component, a quadrature upconverter mixer component, and 

a summing node for summing the output of said in-phase 

and quadrature upconverter mixer components, the output 

of said in-phase ADC being coupled to the input of said 

25 in-phase upconverter mixer component and the output of 

said quadrature ADC being coupled to the input of said 

quadrature upconverter mixer component. 

15. The delta-sigma modulator of claim 1 further having 

30 a second delta junction, a second DAC, and a resonator, 

said second DAC being coupled to receive said feedback 

signal from said feedback path, said second delta 

junction receiving a bandpass input signal and being 

effective for differencing it with the output of said 

35 second DAC, the output of said second delta junction 

being coupled to said resonator, and said res~.o~n~aut~a~rL-~~~~~~-

liiili~Ur 
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producing said input signal at said input node. 

16. The delta-sigma modulator of claim 6, wherein said 

signal-shaping filter includes a plurality of integrators 

5 each having a respective local feedback path from the 

output of said ADC. 

17. The delta-sigma modulator of claim 1 further 

including a second delta junction node, a noise-shaping 

10 filter, and a local DAC, said second delta junction being 

effective for differencing said feedforward signal with 

the output of said local DAC, the output of said second 

delta junction being coupled to said noise-shaping 

filter, said ADC being effective for quantizing and 

15 digitizing the output of said noise-shaping filter, the 

output of said ADC being coupled to said f eedf orward 

output and to the input of said local DAC. 

18. A delta-sigma modulator comprising: 

20 an input node for receiving an input signal; 

a f eedforward path having a f eedforward input 

for receiving a feedforward signal traveling along said 

feedforward path, an in-phase feedforward output, and a 

quadrature feedforward output, said feedforward path 

25 further having: 

a} a single-sideband downconverter mixer 

having a in-phase downconverter mixer component and a 

quadrature downconverter mixer component, said quadrature 

downconverter mixer component being out of phase with 

30 said in-phase down:converter mixer component, said single­

sideband down converter being effective for applying said 

f eedf orward signal to both of said in-phase and 

quadrature downconverter mixer components, each of said 

in-phase and quadrature downconverter mixer components 

35 being effective for shifting said feedforward signal 

along the frequency spectrum to a first pred~e~t~e~r~m~i~n~e~d~~~~~~ 

i I 
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carrier frequency, said in-phase mixer component having 

its output coupled to said in-phase feedforward output 

and said quadrature mixer component having its output 

coupled to said quadrature feedforward output; 

5 b) a noise-shaping circuit block for shaping 

the noise components of said forward traveling signal; 

c) an analog-to-digital converter, ADC, 

circuit block for digitizing said feedforward signal; 

a feedback path having a feedback output, an 

10 in-phase feedback input, and a quadrature feedback input, 

said in-phase feedforward output being coupled to said 

in-phase feedback input and said quadrature feedforward 

output being coupled to said quadrature feedback input, 

said in-phase and quadrature feedback inputs receiving a 

15 composite feedback signal traveling along said feedback 

path to said feedback output, said feedback path further 

having: 

i) a single-sideband upconverter mixer having 

an in-phase upconverter mixer component coupled to said 

20 in-phase feedback input, a quadrature upconverter mixer 

component coupled to said quadrature feedback input, and 

a summing junction coupled to the output of said in-phase 

and quadrature upconverter mixer components, said 

quadrature upconverter mixer component being out of phase 

25 with said in-phase upconverter mixer component, said 

single-sideband upconverter mixer being effective for 

shifting said composite feedback signal along the 

frequency spectrum to a second predetermined carrier 

frequency which is equal to an input carrier frequency; 

30 ii) a digital-to-analog converter, DAC, 

circuit block for converting said composite feedback 

signal to the analog domain; and 

a first delta junction for differencing the 

signal content of said input node and said feedback 

35 output and coupling the result to said feedforward input 

to produce said feedforward signal traveling along said 
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feedforward path. 

19. The delta-sigma modulator of claim 18, wherein said 

second predetermined carrier frequency is equal to a 

5 carrier frequency of the input signal. 

10 

20. The delta-sigma modulator of claim 18 wherein said 

first predetermined carrier frequency is lower than said 

second predetermined carrier frequency. 

21. The delta-sigma modulator of claim 18 wherein said 

feedforward signal received at said feedforward input is 

a bandpass signal.and said single-sided downconverter 

mixer converts said f eedforward signal into a baseband 

15 signal. 

22. The delta-sigma modulator of claim 18 wherein said 

feedforward signal received at said feedforward input is 

a. bandpass signal and said single-sided downconverter 

20 mixer converts said feedforward signal into an IF signal. 

25 

30 

35 

23. The delta-sigma modulator of claim 22 wherein said 

bandpass signal is an RF signal and said IF signal has a 

carrier frequency lower than said RF signal. 

24. The delta-sigma modulator of claim 18 wherein said 

single-sideband upconverter mixer is placed before said 

DAC circuit block in said feedback path and is a digital 

single-sideband upconverter mixer. 

25. The delta-sigma modulator of claim 18 wherein said 

single-sideband upconverter mixer is placed after said 

DAC circuit block in said feedback path and is an analog 

single-sideband upconverter mixer. 

! I 
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26. The delta-sigm.a modulator of claim 25 wherein said 
DAC circuit block is a single digital-to-analog converter 

circuit having its input coupled to both of said in-phase 
feedback input and quadrature feedback input, said single 

S digital-to-analog converter circuit being effective for 

multiplexing said in-phase and quadrature feedback inputs 

into a respective in-phase analog signal component and a 
quadrature analog signal component, said in-phase analog 

signal component being coupled to said in-phase 
10 upconverter mixer component, said quadrature analog 

signal component being coupled to said quadrature 

upconverter mixer component. 

27. The delta-sigm.a modulator of claim 25 wherein said 
15 DAC circuit block includes a first digital-to-analog, 

DAC, sub-block and a second digital-to-analog, DAC, sub­
block, said in-phase upconverter mixer component being 
coupled to said in-phase feedback input through said 

first DAC sub-block, said quadrature upconverter mixer 

20 component being coupled to said quadrature feedback input 
through said DAC sub-block. 

28. The delta-sigm.a modulator of claim 18 wherein said 

ADC circuit block is placed after said single-sideband 
25 downconverter mixer within said feedforward path, said 

ADC· circuit block further including a first analog-to­

digital converter, ADC, sub-block and a second analog-to­

digital converter, ADC, sub-block, each of said first and 

second ADC sub-blocks being effective for digitizing 

30 their respective inputs, the output of said in-phase 

mixer component being coupled to said in-phase 

f eedf orward output through said first ADC sub-block, the 

output of said quadrature mixer component being coupled 

to said quadrature feedforward output through said second 

35 ADC sub-block. 
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29. The delta-sigma modulator of claim 18 wherein said 

noise-shaping circuit block is placed after said single­

sideband downconverter mixer within said feedforward 

path, said noise-shaping circuit further including a 

5 first filter circuit and a second filter circuit, the 

output of said in-phase mixer component being coupled to 

said in-phase feedf orward output through said first 

filter circuit, the output of said quadrature mixer 

component being coupled to said quadrature feedforward 

10 output through said second filter circuit. 

15 

30. The delta-sigma modulator of claim 29 wherein said 

first and second filter circuits are a low pass filters. 

31. The delta-sigma modulator of claim 29' further 

including a bandpass filter placed before said single­

sideband downconverter mixer.in said feedforward path and 

coupling said feedforward input to said single-sideband 

20 downconverter mixer. 

32. The delta-sigma modulator of claim 29 wherein said 

noise-shaping circuit block is placed between said 

single-sideband downconverter mixer and said ADC circuit 

25 block within said feedforward path, said ADC circuit 

block further including a first analog-to-digital 

converter, ADC, sub-block and .a second analog-to-digital 

converter, ADC, sub-block, each of said first and second 

ADC sub-blocks being effective for digitizing their 

30 respective inputs, the output of said first filter 

circuit being coupled to the input of said first ADC sub­

block, the output of said second filter circuit being 

coupled to the input of said second ADC sub-block, the 

output of said in-phase mixer component being coupled to 

35 said in-phase f eedf orward output through said first 

filter circuit and said first ADC sub-block, the output 

: I 
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of said quadrature mixer component being coupled to said 
quadrature feedforward output through said second filter 

circuit and said second ADC sub-block. 

5 33. The delta-sigma modulator of claim 18 further having 

a second delta junction, a second DAC circuit block, and 

a resonator, said second DAC circuit block being coupled 
to receive said composite feedback signal from said 

feedback path, said second delta junction receiving a 

10 bandpass input signal and being effective for 

differencing it with the output of said second DAC, the 

output of said second delta junction being coupled to 

said resonator, and said resonator producing said input 
signal at said input node. 

15 

34. The delta-sigma modulator of claim 18 wherein said 

ADC circuit block includes a second delta junction riode, 

a second noise-shaping circuit block, a quantizer, and a 
local DAC, said second delta junction being effective for 

20 differencing said feedforward signal with the output of 

said local DAC, the output of said second delta junction 

being coupled to said second noise-shaping circuit block, 

said quantizer being effective for quantizing and 

digitizing the output of said second noise-shaping 
25 circuit block, the output of said quantizer being coupled 

to the input of said local DAC. 

35. The delta-sigma modulator of claim 18, wherein said 

noise-shaping circuit block includes a plurality of 
30 integrators each having a respective local feedback path 

from the output of said ADC circuit block. 

36. The delta-sigma modulator of claim 18 further having 

a sampling clock for controlling said ADC circuit block 

35 in said f eedforward path, and also having a first local 
clock for controlling said single-sideband upconverter 
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mixer in said feedback path, said first local clock 

having a frequency substantially equal to \If of the · 

frequency of said sampling clock. 

S 37. The delta-sigma modulator of claim 36 further having 

a second local clock for controlling said single-sideband 

downconverter mixer in said f eedforward path, said se.cond 

local clock having a frequency substantially equal to ~ 

of the frequency of said sampling clock 

10 

15 

38. The delta-sigma modulator of claim 18 further having 

a sampling clock for controlling said DAC circuit block 

in said feedback path and also having a local clock for 

controlling said ADC circuit block in said feedforward 

path, said local clock having a frequency substantially 
equal to ha.lf of the frequency of said sampling clock. 

39. The delta-sigma modulator of claim 18 wherein s~id 

quadrature downconverter mixer component is 90° out of 

20 phase with said in-phase downconverter mixer component. 

25 

40. The delta-sigma modulator of claim 18 wherein said 

quadrature upconverter mixer component is 90° out of 

phase with in-phase upconverter mixer component. 

41. The delta-sigma modulator of claim 18 wherein said 

delta-sigma modulator is implemented as a continuous-time 

system. 

30 42. The delta-sigma modulator of claim 18 wherein said 

delta-sigma modulator is implemented as a discrete-time 

system. 

35 

i I 
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43. The delta-sigma modulator of claim 18 wherein said 

noise-shaping circuit block includes·a low pass filter 

and is placed after said single-sideband downconverter 

mixer in said feedforward path. 

44. The delta-sigma modulator of claim 18 further 

including a bandpass filter placed before said single­

sideband downconverter mixer in said feedforward path. 

10 45. A delta-sigma modulator comprising: 

an input node for receiving a bandpass input 

signal; 

a feedforward path having an a feedforward 

input, in-phase feedforward output, and a quadrature 

15 feedforward output, said feedforward input being 

effective for receiving a feedforward signal traveling 

along said feedforward path, said feedforward path 

further having: 

a) a single-sideband downconverter mixer 

20 having a in-phase downconverter mixer component and a 

quadrature downconverter mixer component, said quadrature 

downconverter mixer component being out of phase with 

said in-phase downconverter mixer component, said single­

sideband down converter being effective for applying said 

25 feedforward signal to both of said in-phase and 

quadrature downconverter mixer components, each of said 

in-phase and quadrature downconverter mixer components 

being effective for shifting said feedforward signal 

along the frequency spectrum to a first predetermined 

30 carrier frequency; 

b) a first and second noise-shaping filter, 

the output of said in-phase mixer component being coupled 

to the input of said first noise-shaping filter, the 

output of said quadrature mixer component being coupled 

35 to the input of said second noise-shaping filter; 
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c) a first and second analog-to-digital 

converter, ADC, th~ output of said first noise-shaping 

filter being coupled to said in-phase feedforward output 

through said first ADC, the output of said second noise-

s shaping filter being coupled to said quadrature 

feedforward output through said second ADC; 

a feedback path having a feedback output, an 

in-phase feedback input, and a quadrature feedback input, 

said in-phase feedforward output being coupled to said 

10 in-phase feedback input and said quadrature feedforward 

output being coupled to said quadrature feedback input, 

said in-phase and quadrature feedback inputs receiving a 

composite feedback signal traveling along said feedback 

path to said feedback output, said feedback path further 

15 having: 

i) a single-sideband upconverter mixer having 

an in-phase upconverter mixer component coupled to said 

in-phase feedback input, .a quadrature upconverter mixer 

component coupled to said quadrature feedback input, and 

20 a summing junction coupled to the output of said in-phase 

and quadrature upconverter mixer components, said 

quadrature upconverter mixer component being out of phase 

with said in-phase upconverter mixer component, said 

single-sideband upconverter mixer being effective for 

25 shifting said composite feedback signal along the 

frequency spectrum to a second predetermined carrier 

frequency higher than said first predetermined carrier 

frequency; 

ii) a digital-to-analog converter, DAC, 

30 circuit block for converting said composite feedback 

signal to the analog domain; and 

a first delta junction for differencing the 

signal content of said input node and said feedback 

output and coupling the result to said feedforward input 

35 to produce said feedf orward signal traveling along said 

feedforward path. 

i I 
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46. The delta-sigma modulator of claim 45, wherein said 

second predetermined carrier frequency is equal to a 

carrier frequency of the bandpass input signal. 

5 47. The delta-sigma modulator of claim 45 wherein said 

in-phase and quadrature downconverter mixer components 

convert said feedforward signal into a baseband signal. 

48. The delta-sigma modulator of claim 45 wherein said 

10 in-phase and quadrature downconverter mixer components 

convert said feedforward signal into a IF signal. 

49. The delta-sigma modulator of claim 45, wherein at 

least one of said first and second noise-shaping filter 

15 includes a plurality of integrators each having a 

respective local feedback path from the output of a 

respective one of said first and second analog-to-digital 

converter. 

20 50. The delta-sigma modulator of claim 45 further 

including a bandpass filter placed before said single~ 

sideband downconverter mixer in said feedforward path and 

coupling said feedforward input to said single-sideband 

downconverter mixer. 

25 

51. The delta-sigma modulator of claim 45 wherein said 

first and second noise-shaping filters are low pass 

filters. 

30 52. The delta-sigma modulator of claim 45 wherein said 

single-sideband upconverter mixer is placed before said 

DAC circuit block in said feedback path and is a digital 

single-sideband upconverter mixer. 

35 53. The delta-sigma modulator of claim 45 wherein said 

single-sideband upconverter mixer is placed after said 
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DAC circuit block in said feedback path and is an analog 

single-sideband upconverter mixer. 

54. The delta-sigma modulator of claim 53 wherein said 

5 DAC circuit block is a single digital-to-analog converter 

circuit having its input coupled to both of said in-phase 

feedback input and quadrature feedback input, said single 

digital-to-analog converter circuit being effective for 

multiplexing said·in-phase and quadrature feedback inputs 

10 into a respective in-phase analog signal component and a 

quadrature analog signal component, said in-phase analog 

signal component being coupled to said in-phase 

upconverter mixer component, said quadrature analog 

signal component being.coupled to said quadrature 

15 upconverter mixer component. 

55. The delta-sigma modulator of claim 53 wherein said 

DAC circuit block includes a first digital-to-analog, 

DAC, sub-block and a second digital-to-analog, DAC, sub-
20 block, said in-phase upconverter mixer component being 

coupled to said in-phase feedback input through said 

first DAC sub-block, said quadrature upconverter mixer 

component being coupled to said quadrature feedback input 

through said DAC sub-block. 

25 

56. The delta-sigma modulator of claim 45 further having 

a second delta junction, a second DAC circuit block, and 

a resonator, said second DAC circuit block being coupled 

to receive said composite feedback signal from said 

30 feedback path, said second delta junction receiving a 

bandpass input signal and being effective for 

differencing it with the output of said second DAC, the 

output of said second delta junction being coupled to 

said resonator, and said resonator producing said input 

35 signal at said input node. 

I I 
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57. The delta-sigma modulator of claim 45 wherein at 

least one of said first and second ADC includes a second 

delta junction node, a third noise-shaping filter, a 

quantizer, and a local DAC, said second delta junction 

5 being effective for differencing said feedforward signal 

with the output of said local DAC, the output of said 

second delta junction being coupled to said third noise­

shaping filter, said quantizer being effective for 

quantizing and digitizing the output of said third noise-

10 shaping circuit block, the output of said quantizer being 

coupled to the input of said local DAC. 

58. The delta-sigma modulator of claim 45 further having 

a sampling clock for controlling said first and second 

15 ADC in said feedforward path, and also having a first 

local clock for controlling said single-sideband 

upconverter mixer in said feedback path, said first local 

clock having a frequency substantially equal to ~ of the 

frequency of said sampling clock. 

20 

59. The delta-sigma modulator of claim 58 further having 

a second local clock for controlling said single-sideband 

downconverter mixer in said f eedforward path, said second 

local clock having a frequency substantially equal to ~ 

25 of the frequency of said sampling clock. 

60. The delta-sigma modulator of claim 45 further having 

a sampling clock for controlling said DAC circuit block 

in said feedback path and also having a local clock for 

30 controlling said first and second ADC in said feedforward 

path, said local clock having a frequency substantially 

equal to half of the frequency of said sampling clock. 

61. The delta-sigma modulator of claim 45 wherein said 

35 quadrature downconverter mixer component is 90° out of 

phase with said in-phase downconverter mixer component. 



5 

WOOl/11786 

I If llllJ 1111~ lllJI lllll 11 I'll _33_ 

PCT/US00/16076 

62. The delta-sigma modulator of .claim 45 wher.ein said 

quadrature upconverter mixer component is 90°. out of 

phase with in-phase upconverter mixer component. 

63. The delta-sigma modulator of clai~ 45 wherein said 

delta-sigma modulator is implemented as a continuous-time 

system. 

10 64. The delta-sigma modulator of claim 45 wherein said 

delta-sigma modulator is implemented as a discrete-time 

system. 
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1. A delta-sigma modulator comprising: 

an input node for receiving an input signal; 

a f eedforward path having a f eedforward input 

and a feedforward output; 

a feedback path having a feedback input and a 

feedback output, said feedforward output being coupled to 

said feedback input for producing a feedback signal 

10 traveling along said feedback path to said feedback 

output; 

a first delta junction for differencing the 

signal content of said input node and said feedback 

output, and coupling the result to said feedforward input 

15 to produce a feedforward signal traveling along said 

f eedforward path to said f eedforward output; 

said feedforward path having a downconverter 

mixer and an analog-to-digital converter, ADC, said 

downconverter mixer being effective for shifting said 

20 feedforward signal along the frequency spectrum to a 

lower carrier frequency, said ADC being effective for 

digitizing said feedforward signal and placing the result 

on said f eedforward output; 

said feedback path having an upconverter mixer 

25 and a digital-to-analog converter, DAC, said upconverter 

mixer being effective for shifting said feedback signal 

along the frequency spectrum to a higher carrier 

frequency, said DAC being effective for converting said 

feedback signal to the analog domain, ·said upconverter 

30 mixer being placed before said DAC in said feedback path. 

2. (Cancelled) 

3. (Cancelled) 
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4. The delta-sigma modulator of claim 1 wherein said 

delta-sigma modulator is implemented as a continuous-time 

system. 

5 5. The delta-sigma modulator of claim 1 wherein said 

delta-sigma modulator is implemented as a discrete-time 

system. 

6. The delta-sigma modulator of claim 1 wherein said 

10 feedforward path further includes a signal-shaping filter 

effective for shaping the noise components of said 

feedforward signal. 

7. The delta-sigma modulator of claim 6 wherein said 

15 signal-shaping filter is a low pass filter and is placed 

after said down converter mixer in said feedforward path. 

8. The delta-sigma modulator of claim 1 further 

including a bandpass filter placed before said 

20 downconverter mixer in said feedforward path. 

9. The delta-sigma modulator ·of claim 1 further having 

a sampling clock for controlling said ADC in said 

f eedf orward path, and also having a first local clock for 

25 controlling said upconverter mixer in said feedback path, 

said first local clock having a frequency substantially 

equal to ~ of the frequency of said sampling clock. 

10. The delta-sigma modulator of claim 8 further having 

30 a second local clock for controlling said downconverter 

mixer in said f eedforward path, said second local clock 

having a frequency substantially equal to ~ of the 

frequency of said sampling clock. 
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11. The delta-sigma modulator of claim 1 further having 

a sampling clock for controlling said DAC in said 

feedback path and also having a local clock for 

controlling said ADC in said f eedforward path, said local 

5 clock having a frequency substantially equal to half of 

the frequency of said sampling clock. 

12. The delta-sigma modulator of claim 1 wherein said 

downconverter mixer is a single-sideband downconverter 

10 producing an in-phase channel and a quadrature channel. 

13. The delta-sigma modulator of claim 12 wherein said 

ADC in said feedforward path includes an in-phase ADC and 

a quadrature ADC, said in-phase ADC being coupled to said 

15 in-phase channel and said quadrature ADC being coupled to 

said quadrature channel. 

14. The delta-sigma modulator of claim 13 wherein said 

upconverter mixer in said feedback path is a single-

20 sideband upconverter having an in-phase upconverter mixer 

component, a quadrature upconverter mixer component, and 

a summing node for summing the output of said in-phase 

and quadrature upconverter mixer components, the output 

of said in-phase ADC being coupled to the input of said 

25 in-phase upconverter mixer component and the output of 

said quadrature ADC being coupled to the input of said 

quadrature upconverter mixer component. 

15. The delta-sigma modulator of claim 1 further having 

30 a second delta junction, a second DAC, and a resonator, 

said second DAC being coupled to receive said feedback 

signal from said feedback path, said second delta 

junction receiving a bandpass input signal and being 

effective for differencing it with the output of said 

35 second DAC, the output of said second delta junction 
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being coupled to said resonator, and said resonator 

producing said input signal at said input node. 

16. The delta-,.sigma modulator of claim 6, wherein said 

5 signal-shaping filter includes a plurality of integrators 

each having a respective local feedback path from the 

output of said ADC. 

17. The delta-sigma modulator of claim 1 further 

10 including a second delta junction node~ a noise-shaping 

filter, and a local DAC, said second delta junction being 

effective for differencing said feedforward signal with 

the output of said local DAC, the output of said second 

delta junction being coupled to said noise-shaping 

15 ·filter, said ADC being effective for quantizing and 

digitizing the output of said noise-shaping filter, the 

output of said ADC being coupled to said f eedforward 

output and to the input of said local DAC. 

20 18. - 64. (Cancelled) 
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