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Abstract: A fully integrated tunable 4th-order multi-feedback band-
pass delta-sigma modulator (BPDSM) fabricated in 0.25 um SiGe
BiCMOS is presented. The input frequency can be tuned from 945 MHz
to 988 MHz at 2.4 GHz fixed clock frequency. This modulator dissi-
pates 110 mA from 3.3 V power supply. The peak signal-to-noise-ratio
(SNR) of sinewave input is 41.1 dB in 10 MHz bandwidth and error vec-
tor magnitude (EVM) of 64QAM long term evolution (LTE) downlink
is 3.16%, 3.59%, and 3.65% at different carrier frequencies.
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1 Introduction

The power added efficiency (PAE) of RF power amplifier in base-station is one
of the key evaluating factors for implementing low power consuming wireless
communication systems [1]. The high efficiency power amplifiers (Pas) are
recently focusing on switch-mode operation [2, 3, 4]. One possible solution
for implementing high linearity and high efficiency transmitter is Class-S
amplifier [5]. In typical Class-S concept can be classified three main parts of
whole system as shown in Fig. 1. The continuous-time (CT) BPDSM converts
input RF signal to single-bit digital-RF sequence. The digital signal is then
amplified by means of a highly efficient power switching stage. An analog
reconstruction filter at the output of this switching amplifier reconstructs
the non-constant envelope signal [1]. This paper describes the CT BPDSM
which plays a key component in the Class-S concept.

Fig. 1. Concept of Class-S power amplifier

2 System level design

A modulator topology for designing an LC bandpass delta-sigma modulator is
presented in Fig. 2. This is 4th-order multi-feedback architecture for reducing
the excess loop delay (ELD). Fig. 2 shows a system with return-to-zero (RZ)
DAC and half-delayed-return-to-zero (HRZ) DAC feedback pulses and four
loop coefficients k4r, k4h, k2r, k2h which provide four degree of freedom for
implementing a desired fourth-order loop transfer function. The modulator

Fig. 2. 4th order multi-feedback BPDSM architecture
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consists of two Q-enhanced LC resonators. They are fed with three currents:
the first is proportional to the input voltage of the preceding trans-conductor,
the others are feedback currents with DAC amplitude of k during the high
output of the RZ latch and HRZ latch, respectively.

The proposed 4th-order modulator has tunable resonator R(z). It use a
discrete-time (DT) loop filter based on a tunable resonator expressed in the
z-domain as [6]

R(z) = − az + 1
z2 + 2az + 1

(1)

where a is the only tunable parameter between −1 and 1.
Assuming single feedback and feedback coefficients are unity, the loop

filter open loop transfer function is described as equation (2).

H(z) =
ac2z

3 + (2a2c2 + c2 − a2c1c2)z2 + (3ac2 − 2ac1c2)z + c2 − c1c2

(z2 + 2az + 1)2
(2)

In order to DT to CT conversion of 4th-order multi-feedback modulator using
the impulse invariant transformation, the DAC feedback impulse response of
RZ and HRZ are calculated as

RRZ (s) =
1 − e−

Ts
2

s

s
, RHRZ (s) =

e−
Ts
2

s − e−Tss

s
(3)

where Ts is the sampling period.
The system level simulation is performed and the result is shown in Fig. 3.

The carrier over-sampling ratio (OSR) is 2.5, the tunable parameter a is 0.85,
the gain of c1, c2 are 0.2792, 0.775, respectively. The only non-ideality of Q-
factor (50) is applied in this case. The SNR result of this system is 43.1 dB
at 1.0V peak input amplitude.

Fig. 3. System-level simulation result of BPDSM

3 Circuit level implementation

The resonator is the major component of passing the wanted band signal
in BPDSM. The schematic of an LC resonator with negative resistor Q-
enhancement is shown in Fig. 4. The input voltage is converted to current

c© IEICE 2012
DOI: 10.1587/elex.9.1714
Received October 18, 2012
Accepted October 29, 2012
Published November 21, 2012

1716



IEICE Electronics Express, Vol.9, No.22, 1714–1719

Fig. 4. Schematic of LC resonator

using emitter degenerated resistor for linearization and injected into LC tank.
The center frequency of the LC resonator is tuned by varying the control
voltage Vctrl of the reverse-biased p-n junction varactors. The Q of the
semiconductor spiral inductor is in the range of 10, therefore it reduce the
SNR of whole BPDSM system. Large Q-enhancement circuit is added using
negative resistors.

The full chip BPDSM is designed in 0.25 um SiGe BiCMOS process. The
size of BPDSM is 1.5 mm × 1.0 mm including the pads as shown in Fig. 5.
Bottom side is input, right is clock signal input, and the top is output nodes.

Fig. 5. Photograph of the BPDSM chip

4 Measurement results

The measurement setup consists of two signal generators for input and clock
signal, the spectrum analyzer for frequency response, and vector signal ana-
lyzer for modulation characteristic.

The tunable output spectrum for an input signal frequency of 945∼
988 MHz and clock frequency of 2.4 GHz can be seen in Fig. 6.

Fig. 7 shows the SNR and discrete-time (DT) coding efficiency character-
istics. The measured peak-SNR is 41.1 dB in 10 MHz bandwidth for sinewave
signal.

In order to test the conformance of BPDSM as a mobile telecommuni-
cation, a real LTE downlink signal which has 11 dB peak-to-average-ratio
(PAPR) is applied and both of EVM and spectrum mask are measured.
Fig. 8 shows the output signal constellation of 64QAM LTE and spectrum
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Fig. 6. Tunable frequency response of BPDSM

Fig. 7. Measured SNR and DT coding efficiency for
sinewave input signal

Fig. 8. Output characteristics of 64QAM LTE signal;
(a) 945 MHz, (b) 955 MHz
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Table I. Performance summary

mask. The measured EVM is 3.16% at 945 MHz and 3.59% at 955 MHz.
The measured performance summary of BPDSM full chip is given in

Table I.

5 Conclusion

An integrated tunable notch frequency BPDSM for 900 MHz band in a
0.25 um SiGe BiCMOS has been presented. In this work, tunable resonator
with Q-enhancement circuit, multi-feedback current DAC, and comparator
are proposed. The modulator clocked at 2.4 GHz has a tuned notch in
945∼988 MHz frequency range. EVM characteristic of 3.16%, 3.59%, 3.65%
meet the 8% of 64QAM LTE downlink specification [7]. The measured perfor-
mance of entirely integrated BPDSM full chip shows the capability to apply
the Class-S power amplifier base-station.
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