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Abstract —
This paper presents a UHF-band RFID
transmitter with a robust spur reduction technique using a
DLL-based SSCG. By adopting an 8-bit DLL and Hersheykiss modulated profile together, the SSCG shows more than a
20dB EMI reduction while providing up-, down-, and centerspread modes. Implemented in a 0.18µm CMOS process, the
proposed transmitter achieves < -80dBc spur suppression
with 25dBm transmit power at 920MHz, which complies with
the most stringent regulatory spectral mask without a SAWfilter.
Index Terms — RFID, SAW-less transmitter, SSCG

I. I NTRODUCTION
As the demand for fully integrated system-on-chip
(SoC) solutions continues to grow, there has been increased
interest in the analog/digital co-existence issue in relation
to system design. Although SoC generally offers advantages of lower power and cost compared to multi-chip solutions, it inevitably suffers from radiated electromagnetic
interference (EMI) due to digital switching noise. The EMI
is prone to turn into spurious single tones at the harmonic
frequencies of the clock signal, and consequently threatens
the reliability of data processing in RF and analog circuits
in wireless transceiver.
Fig. 1(a) describes the spectrum mask in ARIB-T107
standard set by regulatory agencies from Japan, which
has the most stringent specification requirements of UHFband RFID applications; i.e. a spur level of < -79dBc
with 24dBm transmit power [1]. In general, as shown
in Fig. 1(a), the the digital switching spur at 2f0 is the
most crucial factor violating the spectral mask requirement in wireless transceiver design. In order to overcome
this spur issue, most industrial RFID transmitters are
accompanied by external components such as surfaceacoustic-wave(SAW) filters. However, the external SAWfilter increases manufacturing and assembly costs.
As a simple and straightforward solution to alleviate the
EMI, a spread-spectrum clock generator (SSCG) has been
reported [2]-[3]. An SSCG, as shown in Fig. 1(b), varies
the clock frequency with continuous up/down modulation,
thus decentralizing the concentrated spectrum such that the
radiated power level in a given bandwidth is relieved.
In this paper, a 920 MHz RFID transmitter with a
spur reduction technique using an SSCG is presented. The
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Fig. 1. (a) Spectrum mask requirement of UHF-band RFID
transmitter and (b) EMI reduction technique using SSCG

transmitter complies with the UHF-band RFID spectral
mask specification without requiring a SAW filter. The
proposed SSCG is implemented with a direct digital phasedomain modulation (DDPM) scheme along with a 256
phase generator, an 8-bit DLL, and a Hershey-kiss profile
generator, and it thereby provides robust EMI reduction in
conjunction with area-efficiency. This paper is organized as
follows: Sections II and III respectively describe the architecture and operating principle of the proposed transmitter
and spur reduction technique. Section IV presents the
circuit implementation. Finally, Sections V and VI present
the experimental results and conclusion, respectively.
II. T RANSMITTER A RCHITECTURE
Fig. 2 presents a block diagram of the presented RFID
transmitter. As shown in the figure, the transmitter adopts
a mixer based direct conversion architecture that consists
of a baseband modem, a 9-bit digital-to-analog converter
(DAC), a low pass filter (LPF) for channel selection, an
up-mixer, and a driving amp (DA) along with an external
power amp (PA) that amplifies signals to a level appropriate for transmission (> 25dBm). The frequency synthesizer adopts a differentially tuned PLL incorporating a low
noise LC-VCO and utilizes DSM to achieve fractionalN synthesis. Moreover, an SSCG is utilized to mitigate
spur emission by suppressing the EMI from digital circuits
in the SoC. The SSCG, which operates at 19.2 MHz,
corresponding to the external XTAL, drives the overall
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Fig. 2. Block diagram of the overall RFID transmitter

Fig. 4. Conceptual diagram of the proposed delay calibration
algorithm

Fig. 3. Operating principle of the DDPM method

digital part incorporating a modem, micro-controller unit,
and serial-to-parallel interface.

Fig. 5. Block diagram of the proposed SSCG

III. O PERATING P RINCIPLE OF SSCG

processing burden can be alleviated. Moreover, it does not
require any clock monitoring circuit due to its inherent
recursive phase properties. Fig. 4 describes the operating
algorithm for the proposed DLL-based phase calibration
where the last phase (D256 ) is folded to the first phase
(D0 ) by maintaining the total delay equal to the clock
period. In the proposed DLL, D0 and D256 are compared
to make an order to control the subsequent 8-bit digital
logic and thereby the delay amount, ∆T , is calibrated
to TCLK /256, which leads to seamless phase continuity
under PVT variation and different operating conditions.

Fig 3 shows the operational principle to accomplish
the spread-spectrum function with the DDPM scheme,
which shuffles the multiple equi-spacing (∆T ) delay taps
with a phase-modulated multiplexer [2]. Although the
DDPM scheme delivers advantages in area and power by
eliminating the use of the bulky PLL, it requires infinite
number of phases due to its inherent characteristic of
phase modulation, as shown in Fig 3. While the frequency
modulation(fM OD ) keeps changing up and down within
a limited boundary to spread the spectrum, the phase
modulation can be extended to infinity in time due to
its inherent accumulating properties. In order to realize
infinite number of phases, a phase wrapping technique was
developted in [2]. This technique utilized a finite number
of delay cells instead of an infinite number of delay cells,
where the wrap-around is done moving back by the number
of taps per period. Since the calibration logic operates
adjusting the number of delay cells rather than the amount
of delay, it raises the digital processing complexity and
also requires additional peripheral circuits such as clock
edge monitoring modules and delay compensators.
In this paper, we propose a new DLL-based phase
calibration technique that adjusts the amount of the unitcell delay in a fixed number of delay cells. By deciding the
number of delay cells in a binary manner, 2N , the digital

IV. C IRCUIT I MPLEMENTATION OF SSCG
Fig 5 presents a block diagram of the proposed SSCG.
The overall SSCG can be separated into 3 blocks; i.e. delay
cell array (DCA), delay-locked loop (DLL), and modulator
profile generator (MPG). While DCA generates a total
of 256 phases by using 128 differential delay cells, DLL
executes the phase aligning process between D0 and D256 .
After the calibration in DLL is completed, the MPG starts
to generate 8-bit modulation code (PM OD ). In order to
achieve greater EMI reduction, MPG generates a Hersheykiss modulation profile by adopting a slope-modulation
technique [3]. An 8-bit multiplexer (MUX) in the DCA
then synthesizes the output spread spectrum clock (fSSC )
by shuffling the phases in accordance with PM OD .
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Fig. 7. Implementation of digitally controlled current source

current sources with pMOS diode load. It is noted that the
4-bit LSB is converted into a thermometer code to improve
the monotonicity by driving the identical current cell while
the 4-bit MSB sustains its intrinsic binary format. The
DCCS-controlled current is set as iDCCS [uA] = 10 + 0.5 ·
CAL<7:0>, where CAL<7:0> is the up/down counter 8bit code. In addition, a lock detector is utilized to eliminate
the voltage-sensitive jitter by preserving vCT RL after delay
calibration. Once the difference between D0 and D256
is small enough not to differentiate, the BBPD produces
a lock signal, and then the subsequent lock detector is
utilized to generate a hold flag to cut the calibration loop
in the case where 4 lock signals are generated in series.

Fig. 6. Implementation of DCA; (a) top schematic, (b) unit delay
cell, and (c) load cell

A. Delay Cell Array (DCA)
Fig. 6 depicts the implementation of the DCA. The
presented DCA consists of 16 x 8 unit delay cells (UDCs),
and 16 load cells along with logic decoders. Fig. 6(a)
shows the top schematic of the DCA, where UDCs are
arranged in a zigzag manner to minimize the abrupt delay
change between them in the row-switching operation. The
8-bit phase modulation code, PM OD <7:0>, is divided
into three components (PM OD <7>, PM OD <6:4>,
PM OD <3:0>) and utilized to drive the differential switch
in the load cell, 3-bit row decoder, and 4-bit column
decoder, respectively. As shown in Fig. 6(b), the UDC
is implemented with two nMOS transistors driven with
a differential signal from the previous cell, and the nMOS
load is composed of a pair of cross-coupled pMOS along
with another pair of current driven pMOS whose current
is adjusted by vCT RL . The outputs of each UDC are
connected to a subsequent nMOS transistor that is accompanied by a cascode switch, and thus each UDC drives the
same load despite the change in multiplexer.

C. Modulation Profile Generator (MPG)
As shown in Fig. 5, after the delay calibration is
completed, the MPG starts to generate the modulation
code in accordance with the enable signal from the lock
detector. In order to alleviate the issue regarding the edge
concentrated spectrum power in a triangular profile, a nonlinear modulation profile called a Hershey-kiss(H-K) is
utilized. As shown in Fig. 8(a), the MPG consists of a
triangular generator, a 20-bit accumulator, a DSM, and a 8bit accumulator. Fig. 8(b) shows the corresponding timing
diagram of each constituting block. First, the triangular
generator produces a slope profile with a twice of modulation frequency 2f0 , that is constrained to the starting
point, of f set, and unit increment, step. A subsequent 20bit accumulator is then utilized to generate the H-K profile
by integrating the output of the slope generator with a
modulation frequency of f0 . The two design constraints in
the slope generator, of f set and step, are utilized to adjust
the instantaneous slope of the H-K modulation profile,
thus affecting the edge-concentrated spectrum power, as
shown in Fig. 8(c). The DSM is utilized to quantize the
20-bit H-K modulation profile into a 4-bit length frequency
profile, and then an 8-bit accumulator whose number of
bits corresponds to the number of phases in the DCA is
adopted to convert the frequency profile(fM OD ) to a direct
phase profile(PM OD ).

B. Delay Locked Loop (DLL)
Fig. 5 presents a simplified block diagram of the proposed DLL. The DLL consists of a bang-bang phase detector (BBPD), an 8-bit up/down counter, a lock detector, and
a digitally controlled current source (DCCS). Likewise,
the conventional digital DLL, BBPD, compares D0 and
D256 and delivers an up/down order to the subsequent 8bit counter along with the DCCS to produce the control
voltage, vCT RL . Fig. 7 describes the implementation of the
DCCS, which consists of switch-controlled nMOS cascode
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Fig. 8. Operating principle of MPG for H-K modulation profile;
(a) block diagram, (b) timing diagram, and (c) H-K effect.

Fig. 10. SSCG measured result ; (a) MPG and (b) DLL using
logic analyzer, (c) single spectrum at 19.2MHz and (d) three
spread modes using spectrum analyzer

Fig. 9. Micrograph of the fabricated chip

V. E XPERIMENTAL R ESULTS

Fig. 11. Measured spectrum results of transmitter at 920MHz
with a span of 100MHz

The proposed UHF-band RFID transmitter is implemented in a 0.18µm CMOS process. Fig. 9 shows a
micrograph of the fabricated chip. The single-chip RFID
SoC including TX, RX, modem, and processor occupies
3.8mm × 3.8mm, while the SSCG 450um × 450um.
Figs. 10(a) and (b) show the measured operating behavior
of the MPG and the transient response of phase calibration
in the DLL that is completed within 10µs. After calibration, the ∆T is set to 1/19.2M Hz/256 = 203ps at
19.2MHz operating frequency. Figs. 10(c) and (d) show
the measured peak power reduction that is more than 20dB
with a deviation of 7% at 19.2MHz and three different
spread modes (up/down/center). Fig. 11 demonstrates the
effectiveness of spur reduction by observing the measured
spectrum at 920MHz with a span of 100MHz. The SSCG
suppresses the spur near ±38.4MHz corresponding to the
second harmonic of the clock frequency of the digital
clock by more than 10dB, and consequently the transmitter
achieves less than -80dBc spur performance with 25dBm
transmit power.

the SSCG shows more than 20dB EMI reduction while
providing up/down/center spreading mode. Implemented
in a 0.18µm CMOS process, the proposed transmitter
achieves < -80dBc spur suppression with 25dBm transmit
power at 920MHz, which complies with the most stringent
regulatory spectral mask without a SAW-filter.
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VI. C ONCLUSION
This paper presents a UHF-band RFID transmitter with
a spur reduction technique using DLL-based SSCG. The
SSCG reduces the spurious harmonic of fREF due to the
suppression of EMI from digital circuits. By adopting an
8-bit DLL and Hershey-kiss modulated profile together,
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