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SUMMARY  This paper presents a technique for reducing spurious
output of balanced modulators used in transmitters and arbitrary wave-
form generators. Two-step upconversion is a convenient way to produce
a desired single-sideband (SSB) radio-frequency (RF) signal—baseband
quadrature I and Q signals (which are analog outputs of direct digital
frequency synthesizers) are upconverted by mixers and local oscillators
(LOs)—but mismatches between the DACs in I and Q paths cause spurious
output. We propose a method of dynamically matching the I and Q paths by
multiplexing two DACs between I and Q paths in a pseudo-random man-
ner. MATLAB simulation shows that multiplexing the two DACs spreads
the spurious output, caused by mismatches between the two DACs, in the
frequency domain, and reduces the peak level of spurious signals.

key words: Cartesian transmitter, arbitrary waveform generator, 1Q mis-
match, SFDR, spread spectrum

1. Introduction

The ratio of maximum output signal level to the peak level
of spurious output (Spurious Free Dynamic Range: SFDR,
or Maximum Distortion-Free Dynamic Range [1]) is an im-
portant measure of the performance of transmitter circuits
(Fig. 1). Pure sinusoidal signals with a low level of spu-
rious output are also required from measuring instruments
such as signal generators and arbitrary waveform genera-
tors. The two-step upconversion transmitter architecture is
widely used for mobile SSB transmitter circuits and for SSB
signal generators. In the two step upconversion architecture
(and in general, for Cartesian upconversion transmitters), I,
Q direct digital frequency synthesizers perform digital mod-
ulation, and two DACs generate baseband I and Q analog
signals. The two analog signals are then phase shifted by
mixers and LOs, and upconvered to produce the desired SSB
RF signal. Fig.2 shows a two-step transmitter architecture
for quadrature upconversion [2]. Here the frequency of the
baseband DAC output signals is wg, and the I, Q signals
cos(wopt) and sin(wpt) are in quadrature phase. By using two
LO frequencies w; and w,, and either adding or subtract-
ing the phases, a desired SSB output signal of frequency
wo + w] + w; can be generated. The two-step upconversion
architecture is an effective way to generate SSB if perfect
quadrature phase and perfect gain matching are assumed.
However, in practice there are mismatches between I and
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Fig.1  Spurious Free Dynamic Range (SFDR): the ratio of maximum
signal power to maximum spurious output power. In the graph this is shown
as the difference of two powers, because the Y-axis scale is in decibels.
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Fig.2  Two-step upconversion SSB generator architecture.

Q paths which result in spurious output [3], [4]. For exam-
ple, there are mismatches such as gain mismatch and timing
skew between the two DACs, gain mismatches of mixers,
phase errors from LOs whose phases should be ideally 90°
apart for quadrature sine and cosine signals. Therefore, as
well as the desired signal, image signals also appear at the
signal generator output. In transmitters, such image signals
may interfere with other transmitter channels; in arbitrary
waveform generators, they represent spurious output. Com-
plicated analog bandpass filters may be required to remove
such image signals; filter complexity, size, and power dissi-
pation may result in a larger and more expensive product.
In receiver circuits, also, mismatches between I and Q
paths adversely affect performance [3], [4]. However, I and
Q paths mismatches in receivers can be partially compen-
sated for by digital signal processing techniques, thus some
degree of mismatch is tolerable. In transmitter circuits, on
the other hand, because the output of the signal generator is
an analog signal, the use of direct digital calibration tech-
niques for compensation of mismatch may not be feasible.
This paper describes a digital dynamic matching tech-
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Fig.3 A two-step upconversion transmitter based on Fig. 2 with 2A gain
mismatches between the mixer pairs.

nique for improving SFDR (Fig. 1) in high-frequency signal
generators. Our proposed method suppresses the spurious
output caused by mismatches between two DACs and hence
enables simpler analog filters to be used in the signal genera-
tor. In this paper, we mainly consider the two-step transmit-
ter architecture in Fig. 2, however the proposed technique is
also applicable to one-step transmitter architectures.

Throughout this paper,we used the parameters of
wo/(2m) = 15MHz, w1/2n) = 1GHz, wy/(2n) = 4GHz
in our MATLAB simulation.

2. Spurious Output Caused by Mismatches in I, Q-
Paths

Consider the two-step transmitter architecture in Fig.2. In
a practical implementation, mismatches between I and Q
paths cannot be avoided, which results in spurious output.
We confirmed this effect by the following simulation:

1. Figure 3 shows a two-step upconverter transmitter with
a gain mismatch for in mixer pairs (or amplitude error
between sine and cosine waveforms in LO). Figure 4
shows its output power spectrum, where A in Fig. 3 is
0.01. We see that spurious output is —52 dB, 46 dB be-
low the signal level.

2. Figure 5 shows a transmitter with mismatches in gain,
offset, 2nd-order harmonics, 3rd-order harmonics and
timing skew between the two DACs. The simulation
was performed with the condition that ag = 0.0045,
a; = 0.995, a; = 0.0045, a3 = 0.0046, by = 0.0055,
by = 1.005, b, = 0.0055, b3 = 0.0054 and dt = 100 ps.
Figure 6 shows its output power spectrum, and we see
that several spurious spikes appear in the spectrum, and
the highest is only 24 dB below the signal.

3. Proposed Technique for Suppressing Spurious Out-
puts

In the two-step upconversion transmitter architecture, the
two DAC circuits are larger than other circuits, so it is more
difficult to get perfect matching between the two DACs.
Also their analog output signals are at relatively low fre-
quencies. So we propose the new configuration shown
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Fig.4  Output power spectrum of Fig. 3 with 2A = 0.02 gain mismatches
between mixer pairs. Output signal power is —6 dB@5.015 GHz, and spu-
rious peak is =52 dB@3 GHz, 46 dB below signal level.
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Fig.5 A two-step upconversion transmitter with gain, offset, 2nd-order
harmonics, 3rd-order harmonics mismatches and timing skew between two
DACs.
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Fig.6  Output spectrum of Fig.5 with gain, offset, 2nd-order harmon-
ics, 3rd-order harmonics mismatches and timing skew between two DACs.
Several spurious outputs appear, with a peak at 24 dB below the signal.

in Fig.7 to reduce the effect of mismatches between two
DACs. At some timing, DACI is used for the I path (up-
per path) while DAC2 is used for the Q path (lower path).
At other timing, DACI is used for the Q path, while DAC2
is used for the I path. In our proposed configuration, we
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alternate between the above two configurations of DACI
and DAC2 in a pseudo-random manner. To implement
this mechanism, two digital multiplexer (MUX) circuits are
added between the two digital signal generators and the two
DAC inputs, while two analog MUXs are added between
the two DAC outputs and the following I and Q paths. The
select signals of the two digital and analog MUXs are gen-
erated by a digital pseudo-random signal generator (such
as an M-sequence generator), and synchronized; the digi-
tal pseudo-random signal generator could be relatively low
power and easy to implement because it operates with the
same clock rate of the DAC sampling clock, which would
be a few hundreds of MHz in actual implementation. This
results in spurious output caused by mismatches between
DACI1 and DAC?2 being spread in the frequency domain,
and the peak spurious signal is reduced relative to the signal
level.

Figure 8 shows an example of gain and timing mis-
matches between the two DACs.

Note that such spectrum spreading techniques have
been used in other circuits:

1. In [1] and [7], selection of unit cells in a segmented
DAC is dynamically changed to reduce the effect of
DAC nonlinearity by spreading spurious output, caused
by mismatches among the unit cells, in the frequency
domain.

In [8], the effects of DC offset in a direct conversion
mixer are reduced by a chopping technique.

. In [9], a random-interleaved method is proposed for in-
terleaved ADC systems; an extra ADC was added and
the spurious output caused by mismatches among dif-
ferent channels is spread in the frequency domain.

In [10], pseudo-random dithering of switch timing for
switching regulators is used to spread the spurious out-

Digital
Signal
Digital
Signal
szndom L
Signal

Fig.7 Proposed dynamic matching technique configuration.
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Fig.8 Internal signals when the proposed method is employed. Here
gain (1.01, 0.99) and timing (df, —dt) mismatches between two DACs are
considered.
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put spectrum.
5. In [11], random dithering of clock timing for digital
LSIs is used to spread the clock spectrum.

However, to the best of our knowledge, our paper is the first
proposal for using I, Q-path multiplexing (dynamic match-
ing) in Cartesian signal generators to reduce spurious out-
put.

4. Simulation Results

We have conducted MATLAB simulations to confirm the
effectiveness of the proposed dynamic matching technique.
We assume x|, x; as inputs, yy, y, as outputs of DAC1 and
DAC?2, and then we can approximate their input-output char-
acteristics as follows:

Y1 = ap + apx +a2x%+a3x? (1)
Yy = by +bixy + b2x§ + b3x;. 2)

Here, we consider mismatches as follows:

offset error ay # by,

gain error a; # by,
2nd-order harmonic a, # bs,
3rd-order harmonic asz # bs.

We also consider timing skew between DAC1 and DAC2
sampling clocks as dt. In our simulation, we also take care
of the quantization noise; we assume DACs of 10-bit reso-
lution.

Figures 9 and 10 show output spectrum simulation re-
sults where gain and timing mismatches between two DACs
are considered; we used the condition that ¢; = 1.01 and
by = 0.99 in Egs. (1), (2) while the sampling clock timing
skew dt between the two DACs is 100 ps. Also the MUX
select frequency is 256 MHz in Fig. 7. We see that spurious
output caused by mismatches between the two DACs are
spectrum spread, and the spurious output peak is reduced
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Fig.9 Output spectrum for Fig.2 with gain, timing mismatches
between DACs, but without quantization noise.  Signal power is
—-6.0dB@5.015GHz, peak spurious power is —37.4dB@4.985GHz,
31.4 dB below signal level.
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Fig.10  Output spectrum with gain, timing mismatches between DACs,
but without quantization noise, when the proposed dynamic matching
shown in Fig. 8 is used. Signal power is —6.0 dB@5.015 GHz, peak spu-
rious power is —44.9.3 dB@4.985 GHz and SFDR is 38.9 dB. Compared
with Fig. 9, spurious peak output is reduced by 7.5 dB.
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Fig.11  Output spectrum for Fig.2 with offset, gain, timing, 3rd-
order harmonic mismatches between DACs as well as with quantization
noise. Signal power is —6.0dB@5.015GHz, peak spurious power is
—26.0dB@4.985 GHz, 2nd spurious is —47.4dB@5.0 GHz, and spurious
peak is 20.0 dB below signal.

by 7.5dB with our dynamic matching method. We use
10 bit resolution DACs in our simulation to evaluate effects
of quantization noise, and found that finite DAC resolution
(quantization noise) causes the noise floor to be raised but
there is no direct connection between spurious output and
quantization noise; we can consider the quantization noise
of the DAC as white noise, and it does not have any effect
on spurious output of the two-step upconversion transmitter
when the proposed dynamic matching is applied.

We have also performed simulations with different pa-
rameter values for the offset, gain, timing, 3rd-order har-
monic mismatches between two DACs: ay = 0.045, a; =
0.9, a; = 0.0, az = 0.000225 in Eq. (1) and by = 0.055,
by = 1.1, by = 0.0, b3 = 0.00275 in Eq.(2), while dt
is 100ps. Also the MUX select frequency is 256 MHz
in Fig.7. Then similar results are obtained; the proposed
method spreads the spurious spectrum and reduces spurious
peak levels as shown in Fig. 11 and Fig. 12.
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Fig.12  Output spectrum for Fig.7 with dynamic matching method,
when offset, gain, timing and 3rd-order harmonic mismatches between
DACs as well as quantization noise are considered. Signal power
is —6.0dB@5.015GHz, peak spurious power is 43.0dB@4.966 GHz,
37.0dB below signal. Compared with Fig. 11, spectrum of 3rd-order har-
monics is spread, and spurious signals reduced by 17.0 dB.

SFDR of Transmitter
48 . . \ \

46!
44!

= 42|

S.40!

X 38!

[

® 36/
34!
32!
30

64 128 256 512 1024 2048
Frequency[MHz]

Fig.13  Transmitter SFDR vs. MUX select signal frequency. We see that
SFDR improves by 3 dB when the MUX select signal frequency doubles.

Remark

(i) Our simulations show that the spurious output caused
by 2nd-order harmonics is not reduced by our proposed
method. However in practical DAC implementation, differ-
ential circuits are used in most cases, so 2nd-order harmon-
ics are small and 3rd-order harmonics are dominant. There-
fore this does not affect the effectiveness of our method.

(i) We have also performed simulations to know the effects
of the MUX select signal freqquency with the same mis-
match conditions as Figs. 11, 12; we found that the SFDR of
the transmitter improves by 3 dB when the select frequency
doubles (Fig. 13).

5. Conclusion

We have proposed a dynamic matching technique for reduc-
ing spurious output of modulators in signal generators used
for transmitters and arbitrary waveform generators. We pro-
posed a dynamic matching technique which alternates the
two DACs in I and Q paths in a pseudo-random manner. The
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validity of the proposed technique was confirmed by MAT-
LAB simulation. The transmitter spurious output power
spectrum caused by mismatches between the two DACs is
spread in the frequency domain and spurious peak level is
reduced by our proposed technique. The performance of
signal generators can be improved simply by adding some
digital circuitry and low frequency analog circuitry, which
would be relatively easy to implement.
Next steps are as follows:

o Transistor level circuit design of a signal generator in-
cluding the proposed dynamic matching technique.

e Confirmation of effectiveness of the proposed tech-
nique by SPICE simulation for the signal generator de-
sign.

o Consideration of the effect of mismatches between two
analog MUXSs; this may depend on the DAC implemen-
tation.

e Consideration of the effect of beat effects between in-
put signals and sampling clocks of two DACs.

e Development of spurious suppression techniques to
compensate for gain mismatches between mixers and
phase errors between LOs.

Our approach here is to improve the performance of ana-
log circuits using digital signal processing technique. We
believe that such approaches are becoming more important
as VLSI technology progresses and device sizes are scaled
down, supply voltage is decreased (it will be below 1V in
few years), which make it increasingly difficult to realize
analog circuits with high dynamic range using only analog
circuit techniques. On the other hand, digital circuits are
becoming faster, cheaper and lower power, which makes it
feasible to use rather complicated digital signal processing
algorithms for improving analog circuit performance.
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