Fig. 1 Simplified ADS
model. Y
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TECHNICAL FEATURE

THE USE

OF INTERMODULATION
TABLES FOR MIXER

SIMULATIONS

The use of intermodulation table (IMT) files can lead to accurate prediction of the
output frequency content of an up-converting or down-converting mixer in

system simulations. For best results, custom IMT files should be constructed from
mixer output spectrum measurements made at or close to the desired input signal

and local oscillator frequency and power conditions.

ixers are nonlinear devices used,
M among other things, to convert sig-
nals from one frequency to another.

They are characterized by how much conver-
sion gain or loss they introduce in this transla-
tion, and also by how much distortion and
noise they introduce. In addition to the de-
sired output frequency signal, mixers produce
many other frequencies, due to the nonlinear
mixing, or intermodulation of the input signal
(RF or IF) frequency and the local oscillator
(LO) signal frequency. This article covers the
use of intermodulation tables to better model
the broadband frequency out-

............................

put of mixers used as down- or
up-converters in communica-
tion systems. A system level
mixer model, available in Agi-
lent Advanced Design System
1.5 (ADS™) computer-aided-

-60} . engineering (CAE) software, is
~107—— 650 T T used to explore and overcome
FREQUENCY (MHz) some of the potential difficul-

ties involved with obtaining ac-

curate predictions of mixer intermodulation
product signal levels using such system simu-
lation models. Specifically, the MixerIMT
model was used in ADS to predict observa-
tions made on a commercial mixer (Mini-Cir-
cuits® ZEM-4300MH) before and after cus-
tomized characterization, using IMT files. The
mixer model available in ADS only requires
the conversion loss as an input parameter to
model the device under investigation, thus
predicting only the upper and lower sideband
frequency content (see Figure 1). On the oth-
er hand, the IMT file represents a custom
table of mixer intermodulation product levels
resulting from given local oscillator (LO) and
input signal frequencies and powers. The pre-
dicted output signal results in a direct map-
ping of each input signal with each LO signal.
This study is a continuation from previous in-
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M x LO
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is outside the scope
of this article.

99 99 99 99 99 99 99 99 99 99
99799978 99 78 99 81 99
99 95 99 95 99 95 99 95

90 95 90 90 90 99 90

10 | 99 99 99 99 99 99
11 | 90 99 90 95 90
12 | 99 99 99 99

VoRONOUVMAWN=O

N x SIGNAL

13 | 90 99 90 LO LEVEL = 7 dBm
14 | 99 99
15 | 99

99 3942 46 58 37 6549 75 62 72 61 70 57 87 60
250 3911501659 195943 6352705773
68 67 76 67 80 66 82 66 837284728270

63 58 65 60 65 55 64 54 66 57 85 54 70

96 80 96 80 95 82 98 78 90 95 95 95

9373 8772 88 66 85 64 8275 95

SIGNAL LEVEL =-10 dBm

The ADS system
mixer model Mix-
erIMT can predict
multiple IM prod-
ucts at a mixers out-
put. It requires the
use of an IMT file.
The IMT file pro-
vides information re-
lated to the mixer’s
IM generation prop-
erties as a function of

A Fig. 2 Intermodulation table for a double-balanced mixer.#

vestigations of a 915 MHz receiver
used in the University of South Flori-
da’s Wireless Circuits and Systems
Design coursel?, as well as a recent
paper that describes a complete com-
munications systems test bed con-
structed to identify and resolve issues
affecting system simulation accuracy
for transmitter and receiver hard-
ware.3

MIXER PRODUCT
SIMULATION USING IMT TABLES

The simulation results obtained in
a related preceding work! use mixer
models that produce the desired up-
converted RF or down-converted IF
at the mixer output, but do not pre-
dict the other harmonic and inter-
modulation (IM) products. Intermod-
ulation products are unwanted signals
generated by the mixer and exiting
from any port. There are two types of
intermodulation products — single-
tone and multi-tone.

Single-tone intermodulation prod-
ucts consist of a single input (RF or
IF) signal mixing with the LO and
generating the following frequencies:

four= | Mo Nfge| (1)
where

fouT = output signal for the mixer
fgr = input signal for the mixer
fi 0 = LO frequencies for the mixer
M,N = integers (0,1.2,...)

Multi-tone intermodulation prod-
ucts consist of two or more input sig-
nals mixing with the LO and generat-
ing the following frequencies

four= | (M frpy EMofgpo

iMBfRFS e iNfLO (2)

where My, My, M3 and N are integers
(0,1,2...). Multi-tone intermodulation

single-tone signal
and LO mixing order
with their respective relative power lev-
el (dBc) to the desired output signal
(IF or RF). The frequencies at which
to expect IM products are given by
Equation 1. An example IMT table is
shown in Figure 2.

The IMT file ideally applies for a
specific reference power level for both
Pgic (RF or IF) and P;  signals. If the
input signals power levels vary from the
values specified in the IMT table, inter-
polation is performed. The recom-
mended ranges for which interpolation
is applicable are Pg;¢ < Pgioper (dBe)
+ 3 and Py (dBe) — 10 £ Py £ Pr
(dBc) + 3.4 A related consequence is
that the Mixer IMT model does not ap-
pear useful for predicting 1 dB conver-
sion gain compression in mixer simula-
tions. Further study is needed to ex-
plore accuracy of such extrapolations of
mixer product amplitude simulations.

In the example IMT file shown
e Each position in the IMT table is
occupied by the amplitude in dBc
relative to the desired output fre-
quency (IF or RF) expected at the
mixer output.

e The vertical column number N
(0,1,2 to 15) shows the harmonic
number of either input signal used.

e The horizontal row number M
(0,1,2 to 15) shows the harmonic
number of the LO signal used.

e Notice that a 0 appears in the
table at the position of the fundamen-
tal signal (N = 1, M = 1). The fre-
quency corresponding to this position
could be either the sum or difference
frequency (i.e. |f; o = fgigl), or the IF
frequency for a down-converter.

e All other entries are specified in
dBc relative to the power at the mixer
output at the fundamental sum or dif-
ference frequency. The power level is
assumed lower at this frequency un-

less the numeric entry is negative,
which represents a power level high-
er than the fundamental sum or dif-
ference frequency.

e Inrow M =1, column N = 3, the
data is 11. This shows for an input
signal at —10 dBm and an LO signal
of +7 dBm there will be an IM prod-
uct at |3fg,, * ol with a power
level of 11 dB below the signal at the
desired sum or difference frequency.
e Notice that there are missing en-
tries in the IMT. These missing en-
tries have assigned values of 99 dB
below the fundamental reference.

The simulator assigns identical val-
ues for sum and difference frequen-
cies at the mixer output. This is con-
sistent with the conventional assump-
tion of a symmetrical mixer as far as
output spectrum amplitudes are con-
cerned. To the extent that a real mix-
er is non-symmetric, this assumption
generates unavoidable errors in the
simulations as will be shown in the
examples below.

The frequencies corresponding to
the IMT file content are sometimes
referred as a “spur table” (see Ap-
pendices A and B). These spur ta-
bles show the expected frequencies at
the mixer output. Each cell shows the
frequency corresponding to the inter-
modulation of the LO harmonic and
RF harmonic represented by the oc-
cupied row and column number.

For example, the fundamental
sum and difference frequencies for
the given down-converter example
are 70 MHz and 1900 MHz, respec-
tively, which can be seen by looking
at the cell corresponding to M = 1; N
= 1 in the tables. Because of the sym-
metrical mixer requirement dis-
cussed, the IMT file does not allow
for separate entries for these two fre-
quencies. The same is true for any
pair of frequencies occupying the
same cell position.

MIXER IM PRODUCT
CHARACTERIZATION
MEASUREMENTS

Unfortunately, “one size does not fit
all” when it comes to IMT files. Hence,
the use of the IMT file example in an
attempt to predict the output spectrum
of the ZEM4300 mixer will be useful
only in showing the frequencies at
which IM products can be expected,
but with very inaccurate amplitudes.
Therefore, for the MixerIMT model to
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be useful, files must
be available that

LO-BPF MIXER
:’fe:..:{r’ > L?; MH: CONVGAIN =-6.4 dB properly 'repres.ent
oy IF the specific mixer
= [ | % RF % model to be used un-
o PAD 9.15 dB Lo PAD 6.77 dB der the desired oper-
il L ating signal and LO
PORT2 frequencies  and

IF FREQ = 70 MHz
= LO FREQ = 985 MHz =
= P =-10.7 dBm

powers. Here, the
construction of cus-

Pio = 7.01 dBm

A Fig. 3 Harmonic balance test bench schematic

(up-converter configuration).

TABLE |
SPECTRUM ANALYZER SETTINGS
Attenuation (dB) 0

Reference level (dBm) -10

tom IMT files for a
given mixer is briefly

described.

UP-CONVERTER
MIXER CHARACTERIZATION
The measurements involved two
signal sources, test accessories and a
spectrum analyzer (SA). The configura-
tion is reflected in the simulation
schematic, as shown in Figure 3, with

power from the mixer IF port mea-
sured remotely with a HP8595E spec-
trum analyzer. The settings of the SA
are shown in Table 1.

The measured results for IM
products observed for this up-con-
verting mixer are listed in Table 2,
along with the simulation results.

The conversion loss was determined
from a subset of these measurements
to be 6.04 dB. It was found important
to specify the conversion loss in the
mixer model as determined from the
same measurement data set used to
construct the IMT file in order to ob-
tain the best simulation/measurement
consistency. For various reasons, the
conversion loss measurements, made in
different ways, typically vary by several
tenths of a decibel difference between
results while obtained for the same
mixer.?

Resolution BW (kHz) 100 the load at the right side of the network
Sweep Time (ms) - replaced with the SA, a bandpass filter
and three attenuators pads around the DOWN-CONVERTER MIXER
Span (MHz) 1 mixer (10 dB — RF, 3 dB - LO, 6 dB — CHARACTERIZATION
IF). The IF signal was generated by a The measurement procedure was
HPESG D4000A essentially the same as that described
signal generator (P~ above, this time using the configura-
= 3.2 dBm) and the  tion of Figure 4. A 915 MHz bandpass
TABLE 1l LO signal was gener-  filter was used along with the same
ated by a HPS753D three attenuators pads around the mix-
AR s rom U oV L AND SIMULATED | yNA (P = 10.80  er(10dB - RF,3dB - LO, 6 dB — IF).
(fLo = 985 MHz, f;; = 70 MHz) dBm). This set-up The RF signal was generated by the
Frequency  Measurement Simulated Measurement - presented an input HPESG D4000A signal generator
(MHz) (dBm) (dBm) Simulated power of -10.07  (Pgpy = 4.8 dBm) and the LO signal
dBm at the RF port was generated by the HPS8753D VNA
70 —64.41 —64.41 0 of the mixer, and an (Pro = 10.80 dBm). This set-up pre-
140 -62.53 ~62.53 0 input power of 7.01 sented an input power of —10.02 dBm
210 9095 50,35 0 dBm at the LO port.  at the RF port of the mixer, and an in-
The loss of both the  put power of 7.01 dBm at the LO port.
775 -61.55 —61.55 0 6 dB pad and the The loss of both the 6 dB pad and the
845 _79.79 ~70.02 270 output cable, as mea- output cable is taken into account
—_ BT ETST 0 sured separately with ~ when calculating the output power
the HPS753D net- from the IF port at each IM product
985 -27.28 -27.28 0 work analyzer, was  frequency, based on the remotely mea-
1055 _16.36 _16.11 _095 taken into account at sured product levels observed on the
each IM product fre- HPS8595E SA. The conversion loss was
e o — 0 quency when calcu- measured to be 6.05 dB. The settings
1195 —61.43 —61.55 -0.12 lating the output of the SA are the same as for the up-
1830 -64.23 -61.43 —2.80
1900 —49.14 —49.14 0 ll;:::f:i IS e
IL=0.87 dB
1970 —36.45 —36.45 0 Py I
2040 5274 49.14 -3.60 ~ | % RF® %
PAD 9.15 dB Lo PAD é6.77 dB
2110 —61.43 —-61.43 0 PORT1 LOss = 6.77 dB TERM2
2815 —69.45 not predicted T PORTZRF FREQ = 915 MHz
2885 -25.22 -25.22 0 i G e =
2955 —47.96 —47.96 0 BioES7- 01 dEm
A Fig. 4 Harmonic balance test bench schematic (down-converter
configuration).
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TABLE Il
COMPARISON BETWEEN MEASUREMENT AND SIMULATED RESULTS
(fLo = 985 MHz, fpr = 915 MHz)

Frequency Measurement Simulated Measurement -
(MHz) (dBm) (dBm) Simulated
70 -16.07 -16.07 0
140 -59.65 -59.65 0
845 -59.35 -59.35 0
915 -35.56 -35.56 0
985 —27.72 -27.72 0
1055 -49.93 -49.93 0
1760 -71.85 -71.85 0
1830 —68.00 -68.00 0
1900 -23.83 -16.07 -7.76
1970 —41.84 -41.84 0
2040 —43.66 —43.66 0
2745 -84.72 -84.72 0
2815 —68.42 59.35 -9.07
2885 -51.77 -49.93 -1.84
2955 -32.97 -32.97 0

M x LO
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0| 99 1117 2034 31.85 99 99 99 99 99 99 99 99 99 99 99 99
1| 483 o 33.03  9.11 99 99 99 99 99 99 99 99 99 99 99
2| 4642 5391 4532 5334 99 99 99 99 99 99 99 99 99 99
3| 64.24 4544 99 99 99 99 99 99 99 99 99 99 99
a| 99 99 99 99 99 99 99 99 99 99 99 99
o 5[ 99 99 99 99 99 99 99 99 99 99 99
S 6| 99 99 99 99 99 99 99 99 99 99
S 7| 99 99 99 99 99 99 99 99 99
4 8| 99 99 99 99 99 99 99 99
2 9| 99 99 99 99 99 99 99
10 99 99 99 99 99 99
gl 92 9% 9 44 99 SIGNAL LEVEL =-10.07 dB
12| 9 9 9 LO LEVEL-7.01 dBm
fir = 70 MHz
i AN fL0 =985 MHz

A Fig. 5 Custom measurement based IMT for ZEM 4300 mixer in up-converter configuration.

— MEASURED
— ADS-UPGRADED
— ADS-ORIGINAL

AMPLITUDE (dBm)

0 1000 2000 3000
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A Fig. 6 Measured and simulated results
using generic and custom IMT files
for an up-converter mixer.

converter case. The measured results
are shown in Table 3, along with the
simulation results obtained.

SIMULATION OF MIXER
IM PRODUCTS USING
CUSTOM IMT FILES
Up-converter Simulation

The measured results obtained for
the up-converting mixer configuration
were used to generate the custom IMT
file for the ZEM-4300MH mixer
shown in Figure 5. It is important to
mention that since the IMT file only al-
lows one value for either the sum or
difference frequency, the highest pow-
er level between the two was chosen.
The file, once generated, needs to re-
side in the data folder, then pointed to
from the mixer model itself prior to
simulation. The simulated results are
shown in Figure 6. The comparison
between measurement and simulated
results is facilitated by the tabulation
given in Table 2. Note that for most fre-
quencies exact agreement is possible.
Those frequencies where discrepancies
are indicated correspond to sum (or
difference) frequencies whose corre-
sponding difference (or sum) frequen-
cy pair had higher observed amplitude.
Note that these pairs are easily identi-
fied in the simulated results column of
the table by looking for pairs of fre-
quencies with the exact same predicted
power level.

Down-converter Simulation

A custom IMT file for the ZEM-
4300MH mixer in the down-convert-
er configuration was constructed
from measured results. This file is
shown in Figure 7. A simulation was

MxLO
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0| 99 1165 2577 169 99 99 99 99 99 99 99 99 99 99 99 99
1| 1949 0 33.86 2759 99 99 99 99 99 99 99 99 99 99 99
2| 5193 43.28 4358 99 99 99 99 99 99 99 99 99 99 99
3| 68.65 55.78 99 99 99 99 99 99 99 99 99 99 99
2| 99 99 99 99 99 99 99 99 99 99 99 99
4 5[99 99 99 99 99 99 99 99 99 99 99
2 6|99 99 99 99 99 99 99 99 99 99
G 7|99 99 99 99 99 99 99 99 99
G g|l99 99 99 99 99 99 99 99
Z 9|99 99 99 9 99 99 99
Y S-SR 4 4 9 SIGNAL LEVEL =-10.02 dBm
Bl 5s 35 99 99 LO LEVEL = 7.01 dBm
121 99 99 99 far = 915 MHz
A IR fL0 = 985 MHz
15| 99

A Fig. 7 Custom measurement based IMT for ZEM 4300 mixer in down-converter

configuration.
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— MEASURED
— ADS-UPGRADED
— ADS-ORIGINAL
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A Fig. 8 Measured and simulated results
using generic and custom IMT files for a
down-converter mixer.

performed using the schematic previ-
ously shown, and instructing the mix-
er model to reference this file. The
simulated results are shown graphi-
cally in Figure 8. The comparison
between measurement and simulated
results are more clearly summarized
in Table 5. Again the remaining dis-
crepancies are due to sum and differ-
ence frequency pairs that had differ-
ent observed amplitudes. Note that
the discrepancy at 1900 MHz (whose
corresponding difference frequency
pair is 70 MHz) is significant as the
observed signal level is fairly high
(=23 dBm or —7.8 dBc) and the error
is on the order of 30 percent.

CONCLUSION

The use of intermodulation table
(IMT) files can lead to accurate
prediction of the output frequency
content of an up—converting or
down-converting mixer. For best re-
sults, custom IMT files should be
constructed from accurate mixer
output spectrum measurements
made at or close to the desired in-
put signal and local oscillator fre-
quency and power conditions. Still,
discrepancies can occur due to the
inability of current IMT file mixer
models to assign different ampli-
tudes to sum and difference fre-
quency components. The ability of
a system mixer model, such as the
ADS MixerIMT, to extrapolate be-
yond the specific measurement con-
ditions used to characterize the
IMT file is one aspect of on-going

work in this area by this research
group. Also, IMT file mixer models
may not be useful for simulating all
parameters of interest such as sys-
tem gain compression, in which
case a different system mixer model
can be used to produce the desired
simulation. In short, CAE system
mixer models are useful, but care
must be taken to use them properly
and understand their limitations
and range of validity.

ACKNOWLEDGMENTS

This work was sponsored in part
by separate grants from Intersil
Corp. and Anritsu Co. The authors
thank Mini-Circuits for contribut-
ing components and test acces-
sories, and Agilent Technologies for
providing the Advanced Design
System software and for helpful
consultations. The instruments uti-
lized in this work were acquired
from combined grants from Agilent
Technologies, the National Science
Foundation and the University of
South Florida. W

I
References

1. L. Dunleavy, P. Flikkema, T. Weller, A.
Kuppusamy and E. Benabe, “Characteriza-
tion and Simulation of a 915 MHz Wireless
Receiver,” Applied Microwave & Wireless,
July 1999, pp. 84-100.

2. T. Weller, P. Flikkema, L. Dunleavy, H.
Gordon and R. Henning, “Educating To-
morrow’s RF/Microwave Engineer: A New
Undergraduate Laboratory Uniting Circuit
and System Concepts,” IEEE MTT-S In-
ternational Microwave Symposium Digest,
Baltimore, MD, June 1998, pp. 563-566.

3. L. Dunleavy, D.B. Lassesen, T. Svensen
and D. Faria, “CAE Challenges for Wire-
less Transceivers,” Submitted to Journal on
RF and Microwave CAD, K.C. Gupta Ed.,
John Wiley & Sons, New York, NY.

4. Advanced Design System Version 1.5 Doc-
umentation, Agilent Technologies Inc.,
Palo Alto, CA.

5. L. Dunleavy, T. Weller, E. Grimes and J.
Culver, “Use Network and Spectrum
Analysis for Mixer Measurements,” Mi-
crowaves & RF, Part I, May 1997,
pp- 143-152; Part I1, June 1997, pp. 71-80.

6. B.C. Henderson, “Mixers Part I: Charac-
teristics and Performance,” W] Tech Notes,
Vol. 8, No. 2, March/April 1981, Watkins-
Johnson Co., 1981, http://www.wj.com.

Some of these references are available for
download at http://ee.eng.usf.edu/WAMI/
library/papers.html.

Daniel Faria received
his BSEE degree from
the University of South
Florida in May 2000.

He is currently
studying for his
master’s degree in
electrical engineering in
wireless communication
subsystems. He worked
as an intern for Intersil
Corp. during the
summers of 2000 and 2001, and is currently a
research assistant for Dr. Lawrence Dunleavy.

B

Lawrence Dunleavy
received his BSEE
degree from Michigan
Technological
University in 1982, and
his MSEE and PhD
degrees from the
University of Michigan
in 1984 and 1988,
respectively. He has
worked for both
E-Systems and Hughes
Aircraft Co., and was a Howard Hughes
doctoral fellow. In 1990, he joined the electrical
engineering department at the University of
South Florida, where he is now an associate
professor. His current research interests are in
the area of accurate microwave and millimeter-
wave measurements, measurement-based active
and passive component modeling, MMIC
design, and wireless systems characterization
and CAD. Dunleavy is a senior member of
IEEE, and is very active in the IEEE MTT
Society and the Automatic RF Techniques
Group (ARFTG). He has authored or co-
authored more than 80 technical articles.

Terje Svensen
graduated with a BSEE
degree from the
University of South
Florida in May 2000.
He is currently
pursuing a master’s
degree in electrical
engineering with an
- & emphasis on wireless
£ 5 communication systems
and a minor in
engineering management. He is an active
member of IEEE, SBTA, Eta Kappa Nu and Phi
Kappa Phi.



B 1ECHNICAL FEATURE

APPENDIX A
SPUR TABLE FOR THE IM PRODUCT DIFFERENCE FREQUENCIES IN MHz (Fo 1= | NFge - MF o |) FOR LO = 985 MHz AND RF = 915 MHz
N x RF MxLO
0 1 2 3 4 5 6 7 8 9 10

0 0 985 1970 2955 3940 4925 5910 6895 7880 8865 9850
1 915 | 70 | 1055 2040 3025 4010 4995 5980 6965 7950 8935
2 1830 845 140 1125 2110 3095 4080 5065 6050 7035 8020
3 2745 1760 775 210 1195 2180 3165 4150 5135 6120 7105
4 3660 2675 1690 705 280 1265 2250 3235 4220 5205 6190
5 4575 3590 2605 1620 635 350 1335 2320 3305 4290 5275
6 5490 4505 3520 2535 1550 565 420 1405 2390 3375 4360
7 6405 5420 4435 3450 2465 1480 495 490 1475 2460 3445
8 7320 6335 5350 4365 3380 2395 1410 425 560 1545 2530
9 8235 7250 6265 5280 4295 3310 2325 1340 355 630 1615
10 9150 8165 7180 6195 5210 4225 3240 2255 1270 285 700

APPENDIX B

SPUR TABLE FOR THE IM PRODUCT SUM FREQUENCIES IN MHz (Four = | NFge + MF g |) FOR LO = 985 MHz AND RF = 915 MHz

N X RF M x LO

0 1 2 3 4 5 6 7 8 © 10
0 0 985 1970 2955 3940 4925 5910 6895 7880 8865 9850
1 915 | 1900 | 2885 3870 4855 5840 6825 7810 8795 9780 10765
2 1830 2815 3800 4785 5770 6755 7740 8725 9710 10695 11680
3 2745 3730 4715 5700 6685 7670 8655 9640 10625 11610 12595
4 3660 4645 5630 6615 7600 8585 9570 10555 11540 12525 13510
5 4575 5560 6545 7530 8515 9500 10485 11470 12455 13440 14425
6 5490 6475 7460 8445 9430 10415 11400 12385 13370 14355 15340
7 6405 7390 8375 9360 10345 11330 12315 13300 14285 15270 16255
8 7320 8305 9290 10275 11260 12245 13230 14215 15200 16185 17170
9 8235 9220 10205 11190 12175 13160 14145 15130 16115 17100 18085
10 9150 10135 11120 12105 13090 14075 15060 16045 17030 18015 19000




