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FIGURE 4. Magnitude of the complex output spectrum of a DAC with sample rate of f..

To analyze the frequency response of a DAC, we take the
Fourier transform of Eq. 2, F{y(t)}, that is given by:

EQ.3

Y(w) =2m sinc(%TS) Z X(w) * §(w — KQg)

K=—c0

Where w = 21tf, Qg = — smc(— Ts) is the SINC function

defined by Sm(;TS), and X(u)) = F{x(t)}. The convolution
2Ts

series term X (w) * § (w — KQg) means that X (w) is

repeated every integer multiple of the sampling frequency.

The SINC function imposes an amplitude roll-off with nulls at

integer multiple of the sampling frequency.

Figure 4 shows the magnitude of the complex output spectrum
of a DAC generating an arbitrary waveform. It can be seen

that in every half sample rate intervals there is an image of

the waveform spectrum. These intervals are referred to as

the Nyquist bands and the spectrum is inverted in even-order
bands. By applying the appropriate analog filter and amplifier
to the output of the DAC, these images can be used to directly
generate signals at higher frequencies; however, the limitations
imposed by the SINC roll-off of the amplitude should be

taken into account. Figure 5 shows the normalized frequency
response of an ideal DAC outputting a sine waveform with the
frequency of 0.3f; and its images at 0.7f, 1.3f;, and 1.7f.

FIGURE 5. Normalized frequency response of an ideal DAC.

In addition to the SINC roll-off, which is an inherent property

of DAC’s, the frequency response of an AWG is also affected
by IC package parasitics, added components, devices, and
interconnects along the analog path. Figure 6 shows the typical
frequency response of the output power of the AWG5200
series running at maximum sample rate of 10GSPS and its
deviation from the ideal DAC response.

0 T T T T T

Ideal SINC Roll-Off
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SINC Roll-Off + Analog Path Response

40t

Normalized Power - dB
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_60- 15t Nyquist Band 2nd Nyquist Band

70 L L ! ! 1 L L L L
0

Frequency - GHz
FIGURE 6. Frequency response of the output power of AWG5200 series at

maximum sample rate, 10GSPS. The power measurement is normalized to the
peak value at -3dBm.
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Other consideration factors for direct signal generation in the
higher order Nyquist bands are the noise floor of the DAC and
spurious products that could limit the dynamic range [6]. Figure
7 shows the output power spectrum measurement in the 1st
and 2nd Nyquist bands of the AWG5200 series configured
with sample rate of 7GSPS for a swept single-tone signal over
a 300MHz range. This signal was generated by sweeping the
NCO frequency from 1.85GHz to 2.15GHz which produced an
image centered at 5GHz. This measurement also shows other
spurious products generated by the instrument’s DAC due to
its hardware non-idealities.

0 T T

Fundamental Ideal SINC Roll-Off

2" Nyquist Image

30k
Sample Rate/2
- Fundamental

_a0-
-50- \
_60

/ |

5 6 7

Sample Rate - 2xFundamental

Power - dBm

CLK Feedthru

2xFundamental

3 4
Frequency - GHz

FIGURE 7. Power spectrum measuremment for a single-tone swept from
1.85GHz to 2.15GHz with sample rate of 7GSPS producing the 2nd Nyquist
image centered at 5GHz.

The power spectrum measurement of the 2nd Nyquist image
with the spectrum analyzer configured for lower noise floor is
shown in Figure 8. Despite having a lower amplitude level with
respect to the fundamental signal, this image has a dynamic
range of 56dB within 1GHz span which allows for a practical
band-pass filter centered at 5GHz to utilize the image in the
2nd Nyquist band. For larger amplitude levels, a gain stage
comprised of one or more amplifiers can follow the filter as
shown in Figure 9. It is important for the filter to be placed

at the input of the gain stage to prevent the power of the
undesired spectral components from overdriving the amplifier
and also to minimize the effects of intermodulation on the
dynamic range due to amplifier’s non-linearity.
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FIGURE 8. High dynamic range power spectrum measurement of The 2nd
Nyquist image of a sweep from 1.85GHz to 2.15GHz with the sample rate of
7GSPS.

AWG UNIT

RF DAC with

Complex Modulator FILTER

[\

GAIN STAGE

>

FIGURE 9. External filtering and amplification of the 2nd Nyquist image.

CLK

Similarly, signals with complex modulation with carrier
frequency, f., in the 2nd Nyquist band can be generated using
the internal digital modulator of the AWG by setting the NCO
frequency to f; — f.. The spectrum mirroring of the image with
respect to the fundamental signal can be corrected by taking
the complex conjugate of the I-Q signals. This simply means
inverting the sign of the time-domain Q waveform.
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FIGURE 10. Time-domain measurement of a 20ns-wide Gaussian pulse with
carrier frequency of 5GHz in the 2nd Nyquist band. A 350MHz-wide digital
band-pass filter with 256 taps was used in the oscilloscope to filter out the
fundamental and other spurious products.

Figure 10 shows the time-domain measurement of the 2nd
Nyquist image of a 20ns Gaussian pulse created using
complex modulation with the sign of the Q baseband
waveform inverted. The AWG clock was set to 3.584GHz,
the DDR mode enabled, and the baseband waveform data
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interpolated by 2x which sets the sample rate of the | and

Q waveforms to 1.792GSPS and the final sample rate to
7.168GSPS. The NCO frequency was set to 2.168GHz which
produced the 2nd Nyquist image centered at 5GHz. For this
measurement, no external filter or amplifiers were used but
the acquired waveform was post-processed by applying a
350MHz-wide digital FIR band-pass filter centered at 5GHz to
remove the fundamental signal.

The amplitude and phase distortion due to the composite
frequency response of the AWG and the external components
can be compensated by applying FIR filter to the  and Q
waveforms in the digital domain. The pre-compensation
software plug-in for the AWG5200 series provides an
automated method to characterize the frequency response
of the AWG along with any added external components over
a given center frequency and bandwidth and subsequently
generates the FIR filter coefficients. Reference [7] provides
more details on this subject. Figure 11 shows the pre-
compensation filter applied to a multi-tone waveform in the
2nd Nyquist band centered at 5GHz. This waveform was also
created using the complex modulator with the same AWG
setting as the aforementioned Gaussian pulse.

Pre-compensation Filter Applied

-60 ¢

-70t

-80}

-00t
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=100 }

110}

. Y .
48 485 49 495 5 505 51 515 52
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FIGURE 11. Power spectrum measurement of a multi-tone waveform in the 2nd Nyquist band comprised of 361 tones with 1MHz spacing from 4.82GHz to 5.18GHz

without filtering (left) and with digital pre-compensation filter applied (right).
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Superheterodyne Up-Conversion Using
the NCO and an External Mixer

In cases where the desired frequency is too high to utilize the
higher order Nyquist bands effectively and with good dynamic
range, a superheterodyne up-conversion scheme using the
NCO and an external mixer [8] can be implemented to extend
the output frequency coverage of the AWG. Superheterodyne
up-conversion is done in two-stages where the signal is

first up-converted to an intermediate frequency (IF) and

after filtering out the undesired spectral components the IF
spectrum is up-converted again to a higher RF frequency.
Figure 12 shows such configuration where the AWG’s DAC
running at sample rate f; digitally up-converts the signal to an
IF band using its internal digital complex modulator and the
NCO followed by an external mixer driven by a fixed frequency,
110, local oscillator that produces the final output spectrum.

RF DAC with OUTPUT
Complex Modulator IF FILTER MIXER FILTER
_\ IF RF /—\
LO

CLK

Fixed Frequency
CW Signal Source
@ fLO

FIGURE 12. Superheterodyne up-conversion using an RF DAC with digital
complex modulator and an external mixer with fixed frequency LO.

In this setup, either a low-pass or a band-pass filter is needed
at the output of the AWG to remove the images of the signal
spectrum before applying it to the IF port of the mixer. In the
frequency domain, an up-converting mixer produces a series
of mixing products at the RF port given by [9]:

frr = MXfip + NXfi0
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Where M = 0,+1,+2,+3,... and N = 0,+1,+2,+£3,... . The terms
corresponding to M = +1 and N = 1 (also referred to as the
first-order mixing products) produce up-converted one-to-one
spectrums of the IF signal. In this discussion, we shall only
focus on the first-order mixing products and the M = 0 and

N = 1 product which is the LO leakage, however, the higher
order products should be taken into account if wideband
rejection of those spectral components is required.

Figure 13 shows the IF spectrum of a waveform centered at
the NCO frequency and its image centered at f; — fyco- The
output spectrum of the mixer is shown in Figure 14. The
upper and lower sidebands are the two first-order mixing
products and depending on the choice of the LO frequency
either one could be selected as the final output signal using
the appropriate band-pass filter. It should be noted that the
lower sideband undergoes spectrum inversion. The center
frequency of the output signal can be adjusted down to sub-Hz
resolution without changing the LO frequency by tuning the
NCO frequency.

IF Filter
Image of the

Digitally Up-converted

/ Waveform
1 ﬂ 1

T T » Frequency
fNCO fs/z fs'fNCO fs

Digitally Up-converted

Amplitude

FIGURE 13. Superheterodyne up-conversion: IF generation using AWG's NCO.
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Upper Sideband
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1
f‘LO + 1:‘NCO

! P Frequency
fiofnco  fio

FIGURE 14. Superheterodyne up-conversion: 2nd up-conversion using an
external mixer.
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The bandwidth of the up-converted signal plays an important
role in the choice of the LO and NCO frequencies. These
frequencies should be planned such that there is enough
separation between the band edges of the spectrum of the up-
converted signal given by (fo + fyco) ¥ % and the LO
frequency in order for practical filters to be used to adequately
attenuate the LO leakage.

Having a fixed LO offers a significantly lower cost to complex
microwave signal generation compared to the traditional
VSG'’s that use IQ modulators and analog synthesizers as the
LO. Additionally, only one channel of an AWG is needed to
generate both the | and Q baseband signals whereas a VSG
requires two channels of an AWG: one for the | waveform
and another one for the Q waveforms. Also in contrast to
VSG, the LO leakage is out of band from the main signal
spectrum and can be filtered out. This becomes extremely
advantageous when very high on-to-off ratio is desired for
pulsed signals. Furthermore, since the modulation is done in
the digital domain, the quadrature relationship between the |
and Q waveforms over the entire signal bandwidth is perfectly
preserved. Therefore, no calibration for correcting the I-Q

MULTI-CHANNEL AWG

IF FILTER MIXER

WHITE PAPER

imbalance is needed. The distortion due to the frequency
response of the analog path can be compensated by applying
pre-compensating FIR filters to the | and Q waveforms in the
digital domain [7].

This scheme can efficiently be extended to larger number of
AWG channels by sharing the LO source. Figure 15 shows this
up-conversion technique for a 4-channel AWG where a single
LO source is split 4 ways using a power divider that drives the
mixers.

Depending on the LO power requirement of the mixers, a high-
power gain stage might be needed followed by an optional

LO band-pass filter to attenuate the wideband noise into the
LO port of the mixers. The LO source and the clock system of
the AWG are locked together through their phase-locked loop
(PLL) references for accurate frequency locking of the output
carrier frequency and the modulating baseband signals. A

final gain stage might also be required to amplify the output
signal and to compensate for the power loss due to the mixer
conversion gain and filters’ insertion loss.

OUTPUT OUTPUT
FILTER GAIN STAGE

PO AH—
EXTERNAL
CLK in 3 A\ —(—®7 /\ -’—»
CLK out :2—3 \ /\ ->—>
REF i INTERNAL
—_—rin CLK P —\ /\ —>—>
- —
REF out
LODRIVE LO FILTER
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FIXED FREQUENCY

CW LO SOURCE
; =]
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— )1—1:¢
o =
REF out AN

FIGURE 15. Multi-channel superheterodyne up-conversion with shared LO source.
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Conclusion

By considering the properties of the desired signal to be
generated (such as carrier frequency, bandwidth, and the
required dynamic range) and the AWG’s performance (such
as the output dynamic range and frequency response), direct
RF signal generation in the 1st or higher order Nyquist bands
is possible using RF DAC’s with complex modulator. This
requires a suitable choice of sample rate and external filtering.
For frequencies beyond the AWG’s coverage or if very higher
dynamic range is required, superheterodyne up-conversion
using an external mixer and a fixed frequency LO is a cost

effective approach for synchronized multi-channel applications.

Unlike in VSG'’s, signals generated by AWG’s do not exhibit I-Q
imbalance or carrier (NCO) leakage because the modulation
and the carrier signals are created in the digital domain. This
simplifies the calibration to the measurement and correction

of the amplitude and phase distortion due to the composite
frequency response of the DAC and the output analog path.
This correction can be done by applying a digital pre-
compensation filter to the baseband signals.
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