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Abstract —  We present a correction technique for arbitrary 
waveform generators that utilize time-interleaved digital-to-
analog converters. By correcting non-ideal responses of the 
digital-to-analog converters, the overall signal quality of the 
source can be improved. To verify this technique, the 
improvement in a 64-quadrature-amplitude-modulated 
waveform with a bandwidth of 1.25 GHz was evaluated. The 
error vector magnitude of the source was improved from 7.8 % 
to 0.7% with the proposed corrections. 

 Index Terms — Millimeter-wave wireless communications, 
modulated signal, signal generator, wireless systems. 

I.  INTRODUCTION 

Signal sources are needed to study and implement wireless 
communications in the millimeter-wave regime. Sources 
based on arbitrary waveform generators and frequency 
converters have recently been reported [1],[2]. For signal 
generation at intermediate frequencies (IFs), high-speed 
arbitrary waveform generators (AWG) directly generate 
waveforms by utilizing time-interleaved digital-to-analog 
converters (DACs) [3]. This time-interleaving technique is 
adopted to overcome the sampling-rate limitation of the 
individual DACs [4],[5]. With accurate switching between 
outputs from the two DACs, the final waveform has a 
sampling rate equivalent to twice that of the individual 
sampling rate of each DAC. As illustrated below, the DAC 
outputs add below the Nyquist rate while cancelling out the 
image signal above the Nyquist rate.  

However, because the bandwidth of signals with millimeter-
wave carrier frequencies (roughly 10 % of the carrier 
frequency) may occupy several gigahertz, obtaining a flat 
frequency response with the self-calibration processes that are 
provided by the equipment’s manufacturer is very difficult. 
Additionally, any amplitude or timing imbalance between the 
DACs associated with time interleaving creates errors both at 
the in-band and the image-band signals. In particular, the in-
band error is critical to the error vector magnitude (EVM) of 
measured communication signals.  

To address these issues, and to create a method to 
accurately calibrate AWGs that incorporate time interleaving, 
a two-stage correction process is proposed here. Passing 
waveforms through a digital de-multiplexer allows us to 
correct for DAC imbalance. This is followed by a system 
response correction to account for the nonideal frequency 
response of the DACs. By applying these corrections in 

predistortion, the AWG can generate high-quality wideband 
signals, as intended. 

II. TIME-INTERLEAVED SIGNAL GENERATION

The time-interleaving technique is now utilized in state-of-
the-art measurement equipment with sampling frequencies 
higher than 20 Giga-samples-per-second (Gsps) [3]. Figure 1 
shows a block diagram of the time-interleaving architecture of 
these arbitrary waveform generators. 

For a transmitted signal )(tx  the stored waveform, 
consisting of L digital samples, is defined as follows: 
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where x[m] is the discrete version of x(t) sampled at a period 
of Ts. This signal will be uploaded to the AWG. To perform 
interleaving, ][mx  is alternately split into separate paths, one 
for each DAC. The DACs each have an identical sampling 
period of 2 sT , creating waveforms ]12[ +kx  and ]2[ kx , 
which all have the Nyquist frequency of one half of ][mx ’s.  

Because DACs use a zero-order hold circuit to store and 
dispense electric charges with a sampling period of sT , the 
Fourier transform of the first DAC may be expressed as 
follows 

Fig. 1. Operation of time interleaving where the stored x[m] is 
split and fed into separate DACs, one of which has a timing offset of 
dT to cancel images at the even-numbered Nyquist zones. 
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where ( )ωX  is the Fourier transform of the continuous signal 
)(tx  with the angular frequency of ω , and ( )ω1H  is the 

Fourier transform of the DAC’s impulse response function 
( )th1 . 

For the second DAC, which generates the alternate samples, 
the sampling clock is supplied with a delay of Ts. Therefore, 
its Fourier transform ( )ω2Y  would have identical ( )ωX but it 
has its own impulse response with 180 degree phase rotation 
in every zone (that is, the frequency range between adjacent 
Nyquist frequencies). In this way, image signals created in the 
second zone are, ideally, cancelled, where 
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The Nyquist zone is defined as the frequency range between 
neighboring integer-multiple frequencies of the Nyquist 
frequency. Thus, because the sampling rate of the individual 
DAC is 10 Gsps, we define the first zone as the frequency 
range between 0 to 5 GHz (with zone number n = 1).   

At the output of each path, signals are summed, to generate
( )ωY , in which the overall frequency response is expressed by 

the common response ( ( )ω1H ) and the imbalance response 
( ( )ωimbH ):  
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In (4), images in zones with a negative sign (where n is even) 
are cancelled out, resulting in the ideal Fourier transform of 
the original )(tx  sampled at a period of sT . 

In the implementation of the overall system, which is shown 
in Fig. 1, there are non-idealities such as timing errors and 
gain mismatches between time-interleaved paths caused by 
imperfect manufacturing processes. Even a small amount of 
mismatch adversely affects image cancellation and the signal-
to-noise ratio. 

III. IDENTIFICATION OF NONIDEALITIES 

To identify and correct DAC nonidealities, we conducted 
measurements with a commercially available AWG with time-
interleaved DACs. The test signal was generated with a 
sampling rate of 20 Gsps at a center frequency of 4 GHz, 
representing a 64-QAM modulated signal. The signal had a 

data rate of 1 Gsps, with an occupied bandwidth of 
approximately 1.25 GHz. The signal from the AWG was 
captured with a high-speed sampling oscilloscope and the data 
were post-processed with an accurate time-base distortion 
correction algorithm [6],[7].   

For the first step of the procedure, the frequency response of 
each path was identified by separately uploading the time-
interleaved waveforms one at a time, while the other DAC 
was given all zeros. The two measured signals, when 
combined, represent the composite response of the ideal 

)(ωX  and the impulse responses of the individual paths, 
)(1 ωH and )(2 ωH : 
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where oN is the total random noise across the bandwidth B 
from various noise sources such as thermal noise and 
quantization noise [8]. 

The nth zone frequency response of the kth DAC path within 
the signal bandwidth B may be given as follows: 
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Figure 2 shows the first- and second-zone spectral response 
of the signal from the AWG with a combined sampling 
frequency of 20 Gsps (blue, solid line), measured after passing 
through a low-pass filter with a cut-off frequency of 7 GHz. In 
the figure, the residual image signal in the second zone (5 to 
10 GHz) is quite significant because of the imbalance, despite 
the AWG’s built-in calibration process. By taking the 
difference of (5) and (6), the in-band (n = 1) and image-band 
(n = 2) residual error with noise can be observed and is shown 
in Figure 2 as well (red, dotted line). In this particular case, we 
assume that the spectral components from DAC #1 have 
sufficient signal-to-noise ratio within the bandwidth of the 
signal, and, thus, the responses in the first two zones may be 
identified.  

To obtain the imbalance information in the frequency 
domain, the spectral components of DAC #1 and DAC #2 are 
compared within a bandwidth of B for the first two zones, 
where, again, a high signal-to-noise ratio is assumed: 
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Figure 3(a) shows the identified magnitude response 
)(ωimbH  over the signal bandwidth within the first two zones. 



This residual error corresponds to the cancellation path that is 
not exactly 180º over the band of interest. Additionally, Figure 
3(b) shows the common frequency response )(1 ωH  of the 
overall system over the same frequency range, which can be 
identified by (8). We see that the system obviously has highly 
frequency-dependent non-idealities.  

To correct these non-idealities, a pre-filter that compensates 
for the in-band imbalance in the first zone (below the Nyquist 
frequency of DAC #2) is applied to the DAC #2 waveform. 
This filter is placed at the output of DAC #2, and has the 
inverse response of (8) over the desired bandwidth. In a 
similar manner, a pre-filter that has the inverse response of 

)(1 ωH , the common frequency response from (7), is applied 
to the sum of the DAC outputs. Figure 4 shows the final block 
diagram. This figure shows the pre-filtering blocks for the 
common- and imbalance- response corrections. 

The correction performance was evaluated with the EVM 
metric, which was 1.8 %, compared to 8.9 % without the 
correction. Furthermore, the value could be improved to a 
nominal value of 0.7 % when the correction method was 
incorporated with an iterative pre-distortion technique to 
remove additional excitation-dependent, nonlinear distortion 
[1].  

An uncertainty analysis based on the NIST Microwave 
Uncertainty Framework [9, 10] included more than 640 error 
mechanisms. This analysis included a wide array of 
parameters from the pin depth of the calibration standards, to 
effects of cable bend, to optical parameters for the electro-
optic sampling system used to calibrate the sampling 
oscilloscope. This analysis found an overall mean error in the 
EVM of approximately 1.0 % ± 0.3%, with measurement 
repeatability being the largest source of error. 

IV. CONCLUSION 

We presented a correction method for use in generating 
multi-gigabit-per-second signals with AWGs that include 
time-interleaved DACs. With this method, we first identify 
and pre-filter the imbalance between DAC paths. We then 

identify and pre-filter the linear response of the system. With 
this proposed method, we improved the EVM from 8.9 % to 
1.8 % for a 1 Gsps, 64-QAM modulated signal with a 4 GHz 
carrier frequency. This could be further improved to ~1.0 % 
by iteratively correcting complex frequency coefficients to 
compensate for both linear and nonlinear distortion.  
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generated with an AWG sampling frequency of 20 Gsps and the 
residual error due to DAC imbalance (dotted line).  
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