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Abstract—This paper presents a 2.4-GHz high-performance
frequency-hopping (FH) transmitter using two-point delta—sigma
modulation (TPDSM). Two bottleneck problems in the imple-
mentation have been studied rigorously. One is the nonlinear
performance of a phase-locked loop (PLL). The other is the
inherent gain and delay mismatches between two modulation
points. Both nonlinear and mismatch factors dominate the mod-
ulation accuracy in the closed PLL. Our formulation can predict
the dependencies of modulation accuracy on both factors quite
successfully. Comparison of the averaged frequency deviation and
frequency-shift-keying (FSK) error between theory and measure-
ment shows excellent agreement. The implemented TPDSM-based
FH Gaussian FSK transmitter can achieve 2.5-Mb/s data rate
along with 15-us PLL stable time with only 2.2% FSK error under
good design and operating conditions.

Index Terms—Fractional-N synthesizer, frequency hopping
(FH), phase-locked loop (PLL), two-point delta—sigma modulation
(TPDSM).

I. INTRODUCTION

OR frequency-hopping spread-spectrum (FHSS) transmit-

ters, low power, high integration, fast hopping rate, as well
as high system throughput are the main design considerations.
Recently, the transmitter adopting the two-point delta—sigma
modulation (TPDSM) architecture proposed in [1] has been ap-
plied to FHSS systems such as Bluetooth [2], [3]. In a TPDSM
architecture, as shown in Fig. 1, there are two modulation points
for the voltage-controlled oscillator (VCO). One point, which is
from the fractional-N synthesizer, mainly provides the accurate
carrier frequency. The other point, from the baseband transmit
signal passing through a digital-to-analog converter (DAC) and
filter, mainly performs the frequency modulation. The output
frequency-modulated signal is then fed back to the divider in
a phase-locked loop (PLL). Inside the divider, the data infor-
mation from feedback path cancels out that from delta—sigma
modulator (DSM) in the synchronous condition. This explains
why the modulation bandwidth of TPDSM is not restricted in
a closed PLL structure. Therefore, TPDSM not only maintains
high data-rate modulation within a closed PLL, but also ex-
cludes the use of RF mixers. RF circuitry of TPDSM can be
implemented with low cost and high integration, as well as the
one of conventional open-loop architecture [4], but without the
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Fig. 1. TPDSM architecture for an FH RF transmitter.

problem of carrier frequency drift. In comparison with another
quadrature modulation architecture, TPDSM can achieve the
same high data rate with relatively lower power consumption
[5].

The fractional-N frequency synthesizer, i.e., the core of
TPDSM, can also provide very fast channel switching speed.
In addition, TPDSM can be further combined with the polar
modulation technique, which generates time-varying envelope
modulation signals with significant efficiency [6]. These useful
features also make TPDSM quite attractive in direct-sequence
spread-spectrum (DSSS) applications.

TPDSM has its inherent drawbacks. The nonlinearity in
PLL components and the mismatches between two modulation
points often cause significant modulation distortion. These
effects are hard to understand and, therefore, the need for good
prediction methods is highly demanded in practical designs.
With the help of a profound study on the mechanisms of PLL
nonlinearity and frequency modulation, we successfully derive
the compact formula for predicting the modulation accuracy in
the TPDSM-based RF transmitters.

II. SYSTEM ANALYSIS
A. Nonlinear Characteristics in PLL Components

In principle, a well-designed fractional- N synthesizer can ef-
fectively suppress the phase noises from several major sources
including the VCO, reference, and DSM by itself. However, this
advantageous effect is counteracted when nonlinearity exists in
a PLL [7]. This is because nonlinearity causes the phase inter-
modulation products that finally contribute to the phase noises.
The PLL nonlinearity mainly results from the detection dead
zone in a phase frequency detector (PFD) and the mismatch be-
tween the source and sink currents in a charge pump. Fig. 2
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Fig. 2. Nonlinear input—output relation for the combined model of the PFD
and charge pump.

shows a combined model of the PFD and charge pump with a
nonlinear relation between the input PFD phase error and the
output charge-pump current. The parameter Tz denotes the
PFD dead-zone duration, and K; denotes the combined gain
of the PFD and charge pump in the charging process. When the
charge pump is operated in the discharging process, a mismatch
factor ¢ must be considered, as well as that the combined gain is
equal to K;/q. In a previous study, we analyzed that the DSM
quantization noise (¢, psy) is dominant over the other pos-
sible sources in a fractional-N synthesizer to cause the phase
intermodulation products [8]. Therefore, we can focus on for-
mulating the charge-pump output current noise due to ¢, psm
in the time domain, which is given as

Inpsm =Kq - (¢n,Dsm + ¢ pFD + ¢n.cP)

= Ka¢),, psm
=Kipnpsm + In prp + Ln,cp (D
where
4 [ —én.DsM, |pn,psM| < Toz Freem @)
mPFD = 0, |pn, DM | > Tz Fretm
_ J (g—1)¢n Dsm, ¢n,psm > 0
$n,cp = {07 G psat < 0 (3)
I, prp = K4¢n pFD 4
I,cp = Kqn,cp. (5

It is noted that Fi..¢ denotes the reference frequency. From (1),
¢n,prD and ¢, cp can be regarded as the phase intermodula-
tion noise due to the nonlinearity of the PFD and charge pump,
respectively. I, prp and I, cp in (4) and (5) are the corre-
sponding current noises at the output of the charge pump. It
is also noted that ¢;, gy is the equivalent DSM quantization
noise after including both nonlinear intermodulation noises.

In our practical design for a fractional-/V synthesizer, the PLL
uses a differential active loop filter behind the PFD to avoid the
use of a charge pump. This makes the PFD with a dead-zone du-
ration of approximately 400 ps become the dominant nonlinear
component. The reference frequency is chosen at 20 MHz. The
DSM design adopts the well-known multistage noise-shaping
(MASH) schemes. For comparison, two different schemes, i.e.,
MASH 1-1 and MASH 1-1-1, equivalent to the second- and
third-order DSM, respectively, are used in our design. Their
corresponding ¢,, psm can be obtained from the residual phase
errors in the quantization of divider modulus. By assuming a
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Fig. 3. Frequency-domain simulation of the DSM quantization noises in
consideration of PLL nonlinearity in the fractional-/N' synthesizer design.

Gaussian distribution for such phase errors due to quantization
[9], the frequency-domain expression of ¢, pswm can be derived
as

(m—1)

(6)

¢n,psm(f) = NL\/g [2 sin <%)

Equation (6) reveals that the higher DSM order (m) can push
more quantization noises within Fi.f/27 to higher offset
frequencies.

According to the nonlinear model depicted in Fig. 2, the
equivalent DSM quantization noise (¢, pgy;) in considera-
tion of the nonlinear intermodulation noises can be evaluated
using (1)—(3), and their simulated results are shown in Fig. 3.
Generally speaking, the nonlinear intermodulaton causes the
spectral regrowth for the noise spectrum, which is especially
obvious at lower offset frequencies, as can be seen in Fig. 3.
This degenerates the DSM’s ability of pushing quantization
noise from a lower offset frequency to a higher offset fre-
quency. Besides, the DSM cannot eliminate some fractional
spurs present in the high offset frequency range effectively.
Therefore, the PLL needs to increase its design complexity for
suppressing these high-frequency fractional spurs. Fig. 3 also
shows that the MASH 1-1-1 design has an average of 10-dB
higher quantization noise than the MASH 1-1 design at lower
offset frequencies. This is because the higher order MASH
always causes larger variation of ¢ppp in the time domain and,
consequently, arouses more nonlinear intermodulation noises
in the frequency domain. It is also revealed from (2) and (3) that
a PLL with a larger PFD dead-zone duration or charge-pump
mismatch factor will deteriorate such a spectral regrowth more
rapidly.

B. Mismatch Between Two Modulation Points

The model for TPDSM architecture shown in Fig. 1 is
proposed as shown in Fig. 4 for analyzing the influence of
mismatches between two modulation points. It is noted that
7 and G, represent the delay difference and gain deviation,
respectively, between two modulation points. The PLL pa-
rameters include the combined gain of the PFD and charge
pump in the charging process (K ), and the tuning sensitivity
of the VCO (K,). The transfer function I'(.S) represents the
frequency response of the loop filter. The divider modulus is
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Fig. 4. Model for TPDSM-based RF transmitter.

equal to N. The noise parameters include I,, prp and I, cp,
whose time-domain expressions have been given in (4) and
(5) for representation of the equivalent current noise due to
the nonlinearity of the PFD and charge pump, respectively.
The phase noises from the VCO, reference, and DSM are de-
noted by ¢, veos Pnref, and ¢, DsM, respectively. The transmit
phase signal is represented by ¢s;;. From the model, we can
formulate the output phase signal as

(,bout = (,bsigHa(S) + ¢)n (7)
where
H,(S) = # + ¢ G,n Heo(S) ®)
¢n = (¢n,ref + ¢;1,DSI\'[)H(S) + @bn,VCOHe(S) (9)
_ NK,K.F(S)
H(S) = §5 7 K, K. () (10
H(S) = o (an

NS+ K,K.F(S)’

Recall from (1) that ¢}, pey; = ¢npsm + ¢n PFD + dn.cP,
and ¢!, gy is the equivalent DSM quantization noise in con-
sideration of the PLL nonlinearity. Equation (7) shows that
the output phase signal is equal to the multiplication of the
transmit phase signal and the system transfer function H,(.S)
plus a phase noise term ¢,,. From (8), we know that H,(.S)
mainly accounts for the two-point mismatch effects. This is
because H,(S) equals unity when both mismatch factors dis-
appear, i.e., 7 =0 and G,,, = 1. Under such circumstances,
the input signal can be modulated without distortion and band-
width limitation, but accompanies a residual phase noise equal
to ¢,,. Therefore, we can find ¢,, practically by measuring the
phase noise of output carrier from the fractional-/N synthesizer
without applying any modulated signal (¢s;; = 0). For an ad-
equate PLL design, the related transfer functions, i.e., H(.S)
and H.('S), act as a low- and high-pass filter, respectively,
to filter out most of the noise components according to (9).
Therefore, under the two-point mismatch condition, H,(.S) in
(8) can be regarded as the dominant factor to determine the
modulation accuracy.
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For evaluating the two-point mismatch effects on Gaussian
frequency-shift-keying (GFSK) modulation, the instantaneous
Gaussian baseband signal is expanded in Fourier series as

= ZAmeﬂ’Tfmt.
m

The instantaneous frequency variation can then be written as

ZKfA eI2mfmt — Z Afeﬂﬂfmt
m

(13)
where K¢ and Af represent the frequency-modulation sensi-
tivity and GFSK frequency deviation, respectively. Integration
of (13) yields the instantaneous phase signal. After taking the
Fourier transform, the frequency response of transmit phase
signal ¢ig(f) is derived as

12)

Jeig(t) = Kzd(t)

¢sig(f) = %{‘ﬁsig(t)}

{ [ fsig@dt}

_ 6(f — fm)
_;Af T (14)

m

Assuming that the phase noise term ¢,, in (7) is negligible under
the two-point mismatch condition, the frequency response of the
output phase signal can be approximated as

Pout (f) = dsig(f) Ha(S = j2m f)
= ZAfSIg o fme) (15)
where
Afsig(f) = AfHo(S = j2rf). (16)

From (16), it is known that H,(.S) causes the frequency depen-
dence of frequency deviation for the output GFSK signal. Fig. 5
shows the simulated magnitudes of H,(.S) against offset fre-
quency normalized by the PLL bandwidth ( f,,) in consideration
of certain mismatches between the two modulation points. It is
found that the delay difference and gain deviation are both re-
sponsible for causing the frequency-dependent variations in the
magnitude of H,(.S). These variations are especially evident at
the offset frequencies close to the PLL bandwidth.

The averaged frequency deviation (A f,y,) and frequency-
shift-keying (FSK) error are the most common parameters for
determining the modulation accuracy of GFSK signal. Their
values can be found from the following definitions [10]:

Afavg =FE [AfHa(f)] ’ for 17
FSK error = % [Afoig(f) = Afave] x 100%
Afavg
:%i-:d x 100%,  for |f| < BT (18)
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Fig. 5. Simulated magnitudes of H,(.S) versus normalized offset frequency
under the mismatch conditions of G,,, = 1,7 = 0.2 usand G,,, = 1.1,
7T =0 us.

where Brr denotes the RF channel bandwidth, and A fiig_sta
denotes the standard deviation of A fs;( f) within Brr. In con-
sideration with the residual phase noise ¢,,, (17) can be rewritten
as

Afavg :E[AfHa(f) + Afn]
:E[AfHa(f)] + E[Afn]
=E[AfHL(f),  |fI < ? (19)

where A f,, denotes the frequency deviation caused by ¢,,, and
is treated as an independent random variable with a zero mean
value. Meanwhile, (18) should be also reformulated as

rms [Afn(f) + Afaig(f) — Afan}

FSK error = Ao x 100%
\/Afg_rms + Af2g
= Ao x 100%,
for | f| < DBre (20)

where A f,, s represents the root-mean-square value of A f,,,
and can be theoretically expressed as a function of ¢,, in the
following form [11]:

o AW
Afn_rms = \/2 X /0 B—RFfzdf (21)

Under the two-point match condition, A fg, ¢4 vanishes such
that A f,,_.ms can be measured from direct detection of the FSK
error for the output GFSK signal. An alternative way for evalu-
ating A f,,_rms 18 to find ¢,, by measuring the phase noise of the
output carrier from the fractional- N synthesizer, and then sub-
stitute it into (21) for calculation of A f,,_.ms.

III. SIMULATED AND EXPERIMENTAL RESULTS

A 2.4-GHz frequency-hopping (FH) transmitter based on the
TPDSM architecture has been implemented to transmit a GFSK
signal with a data rate up to 2.5 Mb/s. The transmitter consists
of two major parts, which are the: 1) mixed signal circuitry and
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2) baseband processor. The mixed signal circuitry includes the
2.4-GHz VCO with two tuning inputs, PLL components, and
DAC. The baseband processor, including the DSM and digital
Gaussian filter, is realized using a field-programmable gate array
(FPGA). Most of the PLL parameters have been mentioned
in the previous simulation of its nonlinear intermodulation. In
the following experiments, the PLL bandwidth is particularly
chosen at 25 and 100 kHz for comparing the performance
difference. The bandwidth-time (BT) product of the Gaussian
filter and modulation index are set at 0.5 and 0.315, respectively.
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different MASH designs and 100 kHz for the PLL bandwidth.

Figs. 6 and 7 show the comparison between the simulated
and measured phase noises for the output carriers of the frac-
tional-N synthesizer with the PLL bandwidth designed at 25
and 100 kHz, respectively. The comparisons show very good
agreement. In the offset frequencies lower than the PLL band-
width, the MASH 1-1 design has lower carrier phase noise than
the MASH 1-1-1 design by approximately 5-8 dB. This is be-
cause ¢, rer and ¢, psm in (9) contribute primarily to such a
PLL in-band phase noise where the latter in the MASH 1-1 de-
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Calculated and measured FSK errors versus: (a) gain deviation and (b) normalized delay ditference for the TPDSM-based GFSK transmitters adopting

sign is lower by approximately 10 dB than in the MASH 1-1-1
design, as simulated in Fig. 3.

With the measured phase noises of output carriers, as shown
in Figs. 6 and 7, we can evaluate A f,,_,,s according to (21) as
a function of the data rate, and subsequently the corresponding
FSK error from (20) as the ratio of A f,,_yms t0 A faye under
the two-point match condition (A fsig_sta = 0). The results for
the MASH 1-1 design are shown in Fig. 8. It is noted that both
A fn_ms and A fay, increase with data rate, which results in a
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peak FSK error at a certain data rate. Except for very low data
rates, the case with the lower PLL bandwidth exhibits a lower
A fn_rms, and corresponds to a lower FSK error. For our targeted
system application, the measurement data for FSK errors have
been taken at a 2.5-Mb/s data rate under the two-point match
condition, and are found to be in very good agreement with our
theoretical predictions. For another application to a Bluetooth
transmitter with a data rate set at 1 Mb/s [3], the agreement is
also excellent.

Figs. 9 and 10 show the comparison between the theoretical
and measured results of the averaged frequency deviation and
FSK error, respectively, for the transmitter adopting the MASH
1-1 design. Both parameters are shown as functions of gain devi-
ation and delay difference in consideration of the different PLL
bandwidth. One can see that our theoretical predictions agree
quite well with the measured results in the comparisons of both
parameters. A larger gain deviation or delay difference causes
more offset of frequency deviation from its default value, i.e.,
390 kHz, as seen in Fig. 9, and also increases the FSK errors,
as seen in Fig. 10. The effects of the PLL bandwidth on both
parameters behave quite differently. From Fig. 9, the PLL band-
width has little influence on the averaged frequency deviation.
However, from Fig. 10, a larger PLL bandwidth increases not
only the FSK errors, but also the sensitivity of FSK errors due
to the two-point mismatch factors. Fig. 11(a) and (b) shows the
comparison between the theoretical and measured FSK errors
when shown as function of gain deviation and delay difference,
respectively, in consideration of the different MASH designs.
It is noted that the PLL bandwidth is fixed at 100 kHz for this
case. As expected, the MASH 1-1 design corresponds to a lower
FSK error due to a smaller nonlinear intermodulation noise.
The good agreement between simulation and measurement in
Fig. 11 has verified that our theory can predict the combined
effects due to the PLL nonlinearity and two-point mismatches
quite successfully.

Since a larger PLL bandwidth is generally beneficial to the
decrease of the PLL stable time, a tradeoff has to be made
between the PLL stable time and modulation accuracy at the
choice of PLL bandwidth in a practical design. For example, in
our particular design for the applications to a high-performance
2.4-GHz FHSS system, the TPDSM-based GFSK transmitter
adopts the MASH 1-1 scheme and selects the PLL bandwidth at
100 kHz. The final specifications include a variable data rate up
to 2.5 Mb/s, a PLL stable time less than 15 us, and an FSK error
as low as 2.2% after minimizing the two-point mismatches.

IV. CONCLUSION

A theoretical approach for designing high-performance FH
RF transmitters based on a TPDSM architecture has been pre-
sented. The proposed methodology can help us to optimize the
transmitter performance by means of choosing the right PLL
bandwidth and MASH order in conjunction with minimizing the
two-point mismatches. In our study, a 2.4-GHz TPDSM-based
GFSK transmitter has been implemented with a data rate up
to 2.5 Mb/s and PLL stable time less than 15 us by following
the design methodology. The performance is outstanding when
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compared to the current Bluetooth products with specifications
for a datarate up to 1 Mb/s and PLL stable time less than 220 ps.
In addition, all theoretical predictions in the design stage agree
quite well with the final measured results. Such a success in de-
sign results from an accurate system analysis that well predicts
the combined effects due to the PLL nonlinearity and two-point
mismatches in a TPDSM architecture.
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