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Two-Tone Signal Generation for ADC Testing

Keisuke KATO', Fumitaka ABE, Kazuyuki WAKABAYASHI', Chuan GAO',
Takafumi YAMADATY, Nonmembers, Haruo KOBAYASHI™®, Member, Osamu KOBAYASHI'', Nonmember,

SUMMARY  This paper describes algorithms for generating low
intermodulation-distortion (IMD) two-tone sinewaves, for such as commu-
nication application ADC testing, using an arbitrary waveform generator
(AWG) or a multi-bit XA DAC inside an SoC. The nonlinearity of the DAC
generates distortion components, and we propose here eight methods to
precompensate for the IMD using DSP algorithms and produce low-IMD
two-tone signals. Theoretical analysis, simulation, and experimental results
all demonstrate the effectiveness of our approach.

key words: ADC testing, two-tone signal, intermodulation distortion, arbi-
trary waveform generator, A DAC, digital pre-distortion, distortion shap-
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1. Introduction

Two-tone signal testing is frequently used in ADC testing
for such as communication applications [1]-[3]. When the
third-order nonlinearity is dominant in a signal generator
and two frequency components fi, f> (fi ~ f>) are used, the
third-order intermodulation distortion (IMD3) components
2f1 — fr, 2f> — f1 are serious because they are close to the
signals (i.e., 2f1 — f2, 2> — fi = fi1, f») and are difficult to
remove with an analog filter.

This paper presents eight algorithms to generate low-
IMD two-tone signals using a Nyquist-rate DAC or a (multi-
bit) XA DAC followed by an analog filter. Their characteris-
tics are as follows:

1. The proposed methods require just the modification of
the digital input for the DAC.

2. Exact identification of the DAC nonlinearity is not re-
quired.

Since only a relatively low performance DAC is required
for the low-IMD two-tone signal generation, our methods
can provide low cost testing of communication application
ADCs.

Our methods can reduce the IMD close to fi, f> com-
ponents but produce spurious components far from fi, f>
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components which are relatively easy to remove with the
following analog filter. We call this as distortion shaping
which is similar to but different from noise-shaping in a XA
modulator. Our methods are more effective when the DAC
sampling frequency goes higher, because the spurious com-
ponents goes far away from fi, f> [4]-[10].

Section 2 describes four methods using a Nyquist-rate
DAC and Sect.3 shows the other four methods using a
multi-bit XA DAC. Section 4 provides conclusion.

2. Low-IMD Two-Tone Signal Generation with Ny-
quist-Rate DAC

In this section, we consider to generate a low-IMD two-
tone signal with a Nyquist-rate DAC inside an SoC, or us-
ing an arbitrary waveform generator (AWG) [4], [S], [7],
[8], [11] which consists of DSP (or waveform memory) and
a Nyquist-rate DAC.

2.1 Proposed Algorithm 1: Phase Switching

We use the following two-signal interleaved input for the
DAC (Fig. 1) [4],[5]:

X;(n) in case n:even
X,(n) in case n:odd.

Dt = { m
We denote the sampling period of the DAC as T and its
sampling frequency as f; (where T f; =1).

We consider the case that third-order distortion is dom-
inant in the DAC and the even harmonic components are
small.

Y(nTy) = a1 Din(n) + azDin(n)’. )

Y = a, Dy, + asDE,

\ OutputY
DAC

Input D,

Fig.1  Proposed method 1, 2 and 3 to generate a low-distortion two-tone
signal. DSP provides the input signal X; and X» alternatively to the follow-
ing DAC, and distortion components are canceled.
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Then we have the following DAC output from Egs. (1), (2):

in case n:even
in case n:odd.

a1 X1(n) + a3 X, (n)?

Y(nT,) = { a1 Xo(n) + a3 Xo(n)> €)]

For a low-IMD3 two-tone signal generation, we propose to
use the following:

X,(n) = Asin (zn finT, + g) + Bsin (zn fonT, — g) @)

X,(n) = Asin (anlnTS - g) + Bsin (anznTs + g) 5)

Then it follows from Egs. (3), (4) and (5) that

3
7‘/— (alA + ‘;—3(3A3 + 6A32)) sinr finT)

O R

- iagA 2Bsinr(2f; + fo)nTy)

- ia3AB2 sin2a(fy + 2fo)nTy)

Y(nT,) =

1 '

+ = (a1A+ @(3A3+6A32))cos (%(i— fl)nTs)
2 4 2
1 a3 2 p3 2 s

- —(a1B+—(3B +6A B))cos (L |,
2 4 2
1 s

- Za3A3 cos (271(% - 3f1)nTs)
1 s

+ Za3B3 cos (271(% - 3f2) nTs)
3

- §a3Achos(27r(f5 -2f1 — ) S)
3 2

+ §a3AB cos | 2| = —fl 2f> |nT,

-2fi+ fz)

+ %a3AzB cos (27r (

RIS Sy

- %‘BABZ cos( |2+ fi— 2f2) nTS) . (6)
We see that the IMD3 (2 f;
canceled in Eq. (6).

Numerical simulation results, shown in Fig. 2, confirm
that the IMD3 components are canceled by the proposed
algorithm. Since the high-frequency spurious components
in Fig. 2 (Right) are far from the signal components fi, f>,
they are relatively easy to remove by an analog filter after
the DAC. Additionally harmonic components have to be re-
moved by the analog filter.

We have performed experiments using an AWG (Ag-
ilent 33220A) and a Spectrum Analyzer (ADVANTEST
R3267). AWG resolution is 14bit and sampling rate
is 50MHz. Output frequency is f; =200kHz and
f>» =220kHz. Figure 3 shows the measurement results and
we see that the IMD3 is reduced.

- £, 2f> — f1) components are
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Fig.2  Simulation results of output power spectrum of a Nyquist-rate
DAC with third-order nonlinearity for two-tone input fi, f>. (Left) Con-
ventional method. (Right) Proposed method 1.
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Fig.3  Experimental results of AWG output power spectrum.
(a) Conventional method. (b) Proposed method 1.

Next we consider also fifth-order nonlinearity as fol-
lows:

Y(nT) = a1Din(n) + asDin(n)* + asDin(n)’. (7
Then we use the four-phase interleave for the DAC input.

Xi(n)in case n = 4k

Xo(n)incasen =4k + 1
X3(n)in case n = 4k + 2
X4(n) in case n = 4k + 3.

Di(n) = ®)

Here k is an integer and

X1 (n)=AsinQn finT+(4/15)m)+ B sin(2n fonT—(4/15)r),
Xo(n)=AsinQrfinT+(1/15)n)+Bsin2x fonT—(1/15)x),
X5(n)=Asin2n finT;—(1/15)n)+ B sin2n fonT+(1/15)7),
X4(n)=Asin2n finT;—(4/15)n)+ B sin(n fonT+(4/15)x).

Our simulation shows that the IMD3 and IMDS5 components
are canceled and this is valid even if we change the order of
X1(n), Xa(n), X3(n) and Xy(n).

The algorithm can be extended to consideration of
seventh-order nonlinearity with eight-phase interleave (we
have checked by simulation) and so on.
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2.2 Proposed Algorithm 2: Frequency Switching

Next we describe the frequency switching algorithm. Let us
use the following X; and X, for the two-phase interleave in
Eq. (1):

Xi(n) = AsinrfinT,), Xo(n) = BsinnfonT;). (9)
Then it follows from Egs. (3) and (9) that

1 3
Y(nT,) = (EalA + §a3A3)sin(27rf1nTs)

1 3

+ (zalB + §a3B3) sin(27 fonT'y)
1

- §a3A3 sina(3 fi)nTy)

1
- §a3B3 sin(2r(3 f>)nTy)
1 3 P
+ (EalA + §a3A3)cos (27r(f3 - fl)nTS)
1 3 s
+ (EalB + §a3B3) cos (27r (fg - f2) nTS)
1 5
- §a3A3 cos (27r (fE - 3f1) nTS)
1 5
- ga3133 cos (27r(fE - 3f2) nTS). (10)
Our numerical simulations as well as theoretical analysis
show that all of the IMD components (such as IMD3, IMDS5,
IMD?7, ...) are canceled (Fig. 4).
Figure 5 shows the measurement results and we see that

IMD3 components are reduced.
This algorithm can be extended to the multi-tone signal
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Fig.4  Simulation results of output power spectrum of a Nyquist-rate
DAC with third-order nonlinearity for two-tone input fi, f>. (Left) Con-
ventional method. (Right) Proposed method 2.
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generation. For example, let us use the following X;, X», X3
and X, for the four-tone signal with the four-phase interleave
in Eq. (8):

Xl(l’l) = Al sin(27rf1nTS), Xz(l’l) = Az sin(2yrf2nTs),
X3(n) = A3 sinQa fanT), X4(n) = AqsinQrfunTy).

Our simulation shows that fi, f>, f3 and f; components are
generated without IMD components (Fig. 6).

2.3 Proposed Algorithm 3: Combination of Phase and Fre-
quency Switching

Next we describe here an algorithm with combination of
phase and frequency switchings, which uses the following
four-phase interleave input signal:

X1 (n)=Asin (27Tf1nTx— %),Xz(i’l)ZB sin (27rf2nTS+%),

X3(n)=Asin (2ﬂf1nT‘Y + %) , X4(n)=Bsin (27rf2nTS— %) .
This method can cancel HD3 as well as IMD3, and Fig.7
shows the simulation results. Figure 8 shows the measure-
ment results and we see that IMD3 and HD3 components
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Fig.6  Simulation results of output power spectrum of a Nyquist-rate
DAC with third-order nonlinearity for two-tone input fi, f>, f3 and fs.
(Left) Conventional method. (Right) Proposed method 2.
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Fig.9  Principle of the proposed method 4.
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proposed method 4.

are reduced.
2.4  Proposed Algorithm 4: Pre-Distortion

We describe another precompensation method for the IMD3
components using a DSP algorithm by adding 3 f1, 3, com-
ponents at the input (Fig.9): this concept is similar to the
predistortion method in power amplifiers [12].

Suppose that the DAC in the AWG has third-order non-
linearity (Eq.(2)). Then we propose to use the following
D, (n):

D;,(n) = AsinQ2rfinTy) + Bsin(2r fonTy)
+ Csin2n(3 fi)nTy) + D sin2a(3 fo)nTy).
(11)

Here we set
C=A/2. D=BJ/2. (12)

By manipulating the above equations (see Appendix), we
have V,,, with fi, f, components and without IMD3 com-
ponents. V,,, has other frequency components (4f; — 3 f5,
4f, — 3f1) which go far from fi, f> (Figs.9, 10).

Figure 11 shows the spectrum of the AWG outputs with

853

Table 1  Experimental result difference of IMD3 suppression between
the conventional method and proposed methods 1, 2, 3 & 4.

Proposed Method | IMD3 Suppression [dB]
Phase
11.2
Switching
Frequency
10.6
Switching
Phase&
Frequency 11.3
Switching
Pre-Distortion 10.5

-50

~—l— Conventional
-60
—A— Phase Switching
-70
—3¢— Frequency Switching

-80 —@— Pre Distortion

IMD3 Power [dBm]

90 Phase & Frequency Switching

6 -4 2 0 2 4 6
Fundamental Wave Power [dBm]

Fig.12  Experimental result comparison of the conventional, and
proposed methods 1, 2, 3 & 4.

the conventional and proposed methods. Table 1 shows the
effect of proposed methods. Figure 12 shows experimental
result comparison of the conventional and proposed meth-
ods. We see that IMD3 suppression is substantial with our
methods.

We close this section by remarking that 4 f; —3f,, 4f> —
3f1 components can be moved to 6f; — 5f2, 6f> — 5f1 by
adding 5f, 5f, components as well as 3f], 3f, ones at the
input, and this can be generalized [8].

3. Proposed Algorithm Using XADAC

In this section, we consider to generate a low-IMD two-tone
signal with a multi-bit ZA DAC. We apply the proposed al-
gorithms 1, 2, 3 and 4 in the Nyquist-rate DAC case to the
multi-bit XA DAC case (Fig. 13) which correspond to the
algorithms 5, 6, 7 and 8, respectively. We show with sim-
ulations and experiments that all work well, although the
analytical proofs may be difficult in XA DAC case.

Our proposed methods may be implemented by utiliz-
ing existing DSP and DAC cores inside an SoC in test mode.

Methods such as dynamic element matching and self-
calibration have been used for reducing the effects of multi-
bit DAC nonlinearity in XA modulators [13], but these meth-
ods require additional hardware. However, our proposed
methods need only a DSP program algorithm change.

3.1 Proposed Algorithm 5: Phase Switching

We apply the proposed algorithm 1 to the multi-bit XA DAC
[6] for low-IMD two-tone signal generation and we use
Egs. (4) and (5). Figure 14 shows simulation results while
Fig. 15 shows experimental results for two-tone signal gen-
eration (fj =1.0MHz, f, =1.1 MHz) using a second-order
>A DAC with 7-bit internal DAC: we see that the proposed
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Fig.13  Proposed methods 5, 6 & 7 to generate a low-distortion two-tone

signal with A DAC. DSP provides the input signal X; and X, alternatively
to the following XA DAC, and distortion components are canceled.
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algorithm reduces IMD3 components.

3.2 Proposed Algorithm 6: Frequency Switching

We apply the proposed algorithm 2 to the multi-bit ZA DAC
for low-IMD two-tone signal generation. Figure 16 shows
its simulation results while Fig. 17 shows experimental re-

sults, and we see that IMD3 components are canceled.

3.3 Proposed Algorithm 7: Combination of Phase and Fre-
quency Switching

We apply the proposed algorithm 3 to the multi-bit ZA DAC

IEICE TRANS. ELECTRON., VOL.E96-C, NO.6 JUNE 2013
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for low-IMD two-tone signal generation. Figure 18 shows
its simulation results while Fig. 19 shows experimental re-
sults, and we see that IMD3 and HD3 components are can-
celed.

3.4 Proposed Algorithm 8: Pre-Distortion

We apply the proposed algorithm 4 to the multi-bit XA DAC
for low-IMD two-tone signal generation (Fig. 20). Figure 21
shows its simulation results while Fig. 22 shows experimen-
tal results. We see that IMD3 components go away from the
signals fi, f>.

Table 2 shows the effect of proposed methods. Fig-
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Table 2 Experimental result difference of IMD3 suppression between
the conventional method and proposed methods 5, 6, 7 & 8.

Proposed Methods | IMD3 Suppression [dB]
Phase
6.47

Switching
Frequency
Switching 683
Phase&
Frequency 5.96
Switching

Pre-Distortion 9.30

ure 23 shows experimental result comparison of the conven-
tional and proposed methods. We see that IMD3 suppres-
sion is substantial with our methods.

4. Concluding Remarks

We have proposed eight algorithms for generating low-IMD
two-tone sinewaves, for testing communication application
ADC:s, using an arbitrary waveform generator (AWG) or a
multi-bit XA DAC inside an SoC. Theoretical analysis, sim-
ulation, and experimental results verified the effectiveness
of our approach.

The proposed methods can be used in the loopback test
inside a communication SoC [14] as well as in AWG signal
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Table 3  Output power spectrum comparison.
Cancel Appear
Conventional 2h-H.2h - fi
Phase 2fi-f.2h-h .
Switching 3,35 around £;/2
Frequency 2fi-f2. 22— h

around f/2

Switching 2fi+fh.20h+fi

Phase& 2fi-f,.2H-f

Frequency 2fi+f2, 22+ fi around f/4, fs/2
Switching 3fi,36

2fi-f.2h-fi
3fi=26H,3H-2fi

4f1 =3f. 4 -3f
around 3f1, 51, 7£1, 9fi

Pre-Distortion

generation; we utilize DACs and DSP cores inside the SoC
and generate ADC testing signals in test mode.

All of our methods do not need the DAC nonlinearity
identification, and we need only DSP program (or waveform
memory contents) change. Our methods become more ef-
fective as the DAC frequency goes high, but do not require
the DAC linearity, which meets the semiconductor device
advancement trends.

All of our methods can be interpreted as injecting high
frequency components as the DAC input to cancel IMD3
components caused by the DAC nonlinearity.

Table 3 shows the comparison of the conventional and
proposed methods when the third-order nonlinearity is dom-
inant: there, “cancel” means the canceled spurious or har-
monic components and “appear” means the spurious com-
ponents caused by the corresponding method. Further in-
vestigation for merits and demerits of each algorithm, in the
view points of signal frequency, IMD reduction, analog fil-
ter requirements [15] and DAC sampling speed & resolution
is underway.

We have the following observation based on our theo-
retical analysis as well as simulation and experimental re-
sults:

e The phase switching and frequency switching meth-
ods would be comparably effective when the DAC has
only the third-order nonlinearity, because both meth-
ods cause spurious tones around f;/2 and cannot can-
cel 2f1 + f», 2f, + f1 (in phase switching case) or 3f,
3 f> (in frequency switching case).

o Theoretically, the frequency switching method can
cancel all of the intermodulation distortion components
even if the DAC has, say, the fifth-order nonlinearity.

e According to our experiments, the phase switching is
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slightly better for the reduction of 2f] — f>, 2o — fi
components, though this may depend on experimental
conditions.

o The phase & frequency switching method can cancel
2f1 + f2, 2f> + f1, 3f1, 3f> but cause relatively large
spurious components around f/4. This method will be
more effective as the sampling frequency f; increases,
because the spurious components around f/4 goes far
away from fi, f>.

e The pre-distortion method remain the spurious compo-
nents relatively close to fi, f> but the high frequency
spurious components around f;/2 are much smaller
compared to the other methods. This method may be
useful in applications where the high frequency spuri-
ous components are very harmful.

Finally we remark that the proposed techniques in this
paper are to apply for conventional DACs, however we have
also exploited a new DAC architecture in [16] to reduce the
IMD3 components for the two-tone signal generation for
next generation AWGs.
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Appendix

This appendix shows that the IMD3 components 2f; — f>,
2f> — f1 go away from fi, f> using the proposed algorithm
4. We assume the third-order nonlinearity (Eq.(2)) in the
DAC.

y(D) = ax(t) + Bx(0)’.
We use the following input x(¢) in the algorithm 4:

x(t) = Asin(wit) + Bsin (wt)
+ Csin Bw;t) + Dsin Bwyt) .
Here w; = 2nf} and w, = 2nf,. Then we have the following
output y(7):

y(t) = {a'A + %ﬁ (34% + 6AB” + 6AC? + 6AD - 3A2C)}

X sin (w1)
+ {a/B + %ﬂ (3B° + 6A’B + 6BC” + 6BD” — 3321))}

X sin (w»t)
+ {aC + %/3 (3C +64C + 6B°C + 6CD2)} sin 3wy 1)
+ {aD + iﬂ (3D° + 64’D + 6B°D + 6C2D)} sin (3wa?)
+ B/4-{(=347C + 3AC?) sin(5w; 1)

+ (—3321) + 3BD2) sin(Swy1)}

36/4 - (AC? sin w1 + BD? sin Tw,t)
~ Bl4- (C3 sin9w; 7 + D sin 9w2t)
+ B/4-(~3A’B + 6ABC)
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X {sin Qw; + wy) t — sin Qw; — w,) t}
+ p/4-(~3AB + 6ABD)

X {sin (w1 + 2w;) t + sin (w; — 2w») t}
+ /4 - (~3B°C + 6BCD)

X {sin Bw; + 2w») t + sin Bw; — 2w,) t}
+ Bl4- (—3A2D + 6ACD)

X {sin Qw; + 3w,) t — sin Qw; — 3w,) t}

- 38/2
- 38/2
- 38/2

- 3p/4

- ABC {sin (4w + wy) t — sin (4w — w») t}

- ABD {sin (w; + 4w») t + sin (w — 4wy) t}

- ACD {sin (4w; + 3w,)t — sin (4w; — 3w,) 1}
- 38/2-
- 38/4-
- AD? {sin (w; + 6w,) t + sin (w; — 6w,) 1)
- 3p/4-
- 3p/4-

BCD {sin Bw; + 4w;) t + sin Bw; — 4w;) t}
BC? {sin (6w + w,) t — sin (6w; — w) 1}

C?D {sin (6w, + 3w,) t — sin (6w, — 3w,) 1}
CD? {sin 3w, + 6w,) t + sin B3w; — 6w,) t}.

We see thatincase C = A/2, D = B/2,then 2f,—f>, 2> — fi,
3f1 —2f, and 3f, — 2 f; components are canceled.
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