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IPAPER

Double Step Technique for Accurate Microwave High Attenuation

Measurements

SUMMARY A double step attenuation measurement technique using a
non-isolating gauge block attenuator (GBA) has been proposed for accurate
measurements of radio frequency and microwave high attenuation. For
fixed attenuator as a device under test (DUT), a medium value (=60 dB)
attenuator is used as the GBA which connected directly between the test

ports, then high attenuation of the DUT is measured in two setups as follows.

1) Thru and GBA with normal power level and 2) GBA and DUT with
higher power level. This approach removes the need to isolate the GBA,
therefore, accurate measurements of high attenuation can be obtained
simply over a broad frequency range. For variable or step attenuator as a
DUT, one of the attenuation sections of the DUT is applied as the GBA.
Detailed analyses and those verification measurements are carried out both
for fixed attenuator, as well as for variable attenuator and show good
agreement.

key words: Attenuation measurement, mismatch, gauge block attenuator,
radio frequency, microwave.

1. Introduction

Measurement capabilities of radio frequency (RF) and
microwave (MW) attenuation measurement systems are
limited to the linearity or dynamic range of the detectors or
receivers used, i.e., the difference between the compression
power level and the noise level of the receiver [1]-[7]. To
overcome this restriction, a double-step measurement
technique using a gauge block attenuator (GBA) was
developed [8]-[15]. The GBA, which is repeatable step
attenuator, is switched on when the test ports in thru state
and switched off when the DUT is inserted into the test port
to keep good linearity of the receiver during the
measurement. In order to minimize the mismatch effect, the
GBA needs to be sufficiently isolated using isolation devices
such as isolators and attenuator pads. However, this
approach narrows the measurement bandwidth due to the
limited frequency response of the isolators or reduces the
measurement range due to the insertion loss of the attenuator
pads. In [16], a particular technique applicable only to step
attenuators consisting of three or four attenuator sections
with relatively low individual attenuation values such as 10
dB, 20 dB, 30 dB or 40 dB [17],[18] was proposed based on
the cascaded 2-port network and S-parameter theory [19]-
[22]. High attenuation is obtained by combining the S
parameter measurement results of each section. This
technique will correct the mismatch losses that occur
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Fig. 1 Schematic outline of double step attenuation measurement
technique for a fixed-attenuator. ~Step-1: (a) Thru connection and (b)
GBA in the network with normal input signal. Step-2: (c) GBA and (d)
DUT in the network with higher input signal.

between the sections of the step attenuator to be measured.
However, it will fail if crosstalk or leakage occurs between
the sections.

This paper presents a simple double-step attenuation
measurement technique using a non-isolating GBA to
facilitate accurate measurements of RF and MW high
attenuation, i.e., greater than 60 dB. In contrast to the
systems described in the literature, the GBA is inserted into
the DUT insertion port directly without isolation devices.
For measurement of a high attenuation fixed attenuator, a

medium attenuation (= 60 dB) fixed attenuator is used as a

GBA, and the attenuation of the DUT is measured as follows.
In Step-1, attenuation which occurs between its thru
connection and the GBA in the line is measured. In Step-2,
the power level of the RF generator is increased
appropriately and the attenuation which occurs between the
GBA and the DUT in the line is measured. The GBA reduces
the increased power level, then the receiver will not be
overloaded or saturated. The attenuation of the DUT then
is obtained by adding up these two-step attenuation
measurement results. This approach removes the need to
isolate the GBA; however, no mismatch errors will occur in
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addition to those defined in the attenuation measurement
principle [23]-[25]. Therefore, the proposed technique
simplifies the structure of the system and allows the accurate
measurement of high attenuation to be performed without
being limited by the frequency bandwidth of the isolation
devices. For attenuation measurement of variable or step
attenuators, one of the attenuator sections of the DUT is
employed as the GBA [26]. The adequacy of this proposed
technique is evaluated by using the S-parameter analyses
and verified by carrying out some experimental attenuation
measurements.

2. Measurement Technique Analysis

The principle and measurement procedure of the proposed
double-step technique has been detailed in the introduction,
where by inserting the GBA into the test port, high
attenuation is measured in two steps both of which can be
performed at good system linearity with low noise effects.
In this section the proposed double technique will be
investigated with the S-parameter analysis to prove that the
obtained results coincide with the definition of attenuation.

2.1 Fixed Attenuator

Fig. 1 is a schematic outline of the double-step attenuation
measurement procedure for a fixed-attenuator. A GBA of a
medium value of fixed attenuator is introduced into the
network in addition to the normal configuration of thru
connection and the DUT in the line. This differs from the
previous double step techniques in the literature, since the
GBA is inserted into the test ports directly without the need
of a RF isolator, thus simplifies the structure of the system
and removes the bandwidth limits. In Step-1 (Fig.1 (a), (b))
insertion loss which occurs between its thru and the GBA in
the line is measured as L. Using the signal flow graph and
the non-touching loop rule[27]-[29], Ln is expressed in
decibels as follows.

|(1 = BS1aIp) (1 — BSyuly) — BSay BS1alulh|
| BSa1| - 11 — I3

L11 =20 logm

1
Where, 5Sj; are the scattering coefficients of the GBA. /g
and /7 are the source and load reflection coefficients
appeared on the test ports, respectively.
In Step-2 (Fig.1 (c) and (d)), the power level of the source is
increased appropriately (e.g., 20 dBm) and the insertion loss
which occurs between the GBA and the DUT in the line is
measured as L and is expressed in decibels as follows.
LIZ
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Where, PS;; is the scattering coefficients of the DUT.
By adding Ly of (1) and Ly of (2), all items related to the
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Fig. 2 Schematic outline of double step attenuation measurement
technique for a variable attenuator.  Step-1: (a) initial setting and (b)
GBA setting with normal level input signal. Step-2: (c) GBA setting
and (d) final setting with high level output.

GBA vanish, and the following expression is found.

Ly=Lp+Lp 5 5 b b
|(1 = PS11I6)(A — PSyaly) — PSyy PSiplG1h |
| PSa1| - 11— IG1

=20 logm

3)
L; of (3) expresses the insertion loss (dB) of the DUT as
defined [23]-[25]. Assuming that /G and /7 are matched (/G
and /1 =0), the attenuation, 4 (dB) of the DUT can be found
as follows.

A= 201ogwﬁ @)

Equations (3) and (4) show that the results obtained with the
proposed double step technique are identical to the insertion
loss and attenuation definitions, respectively, without
mismatch errors caused by the GBA [23]-[25].

2.2 Variable Attenuator

Figure 2 shows the circuit model of a variable step attenuator
(DUT) composed of two step attenuator sections M and N,
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where ®M;; and °Nj are the scattering coefficients of the M
and N at the initial settings, while °Mj; and °N; are the
scattering coefficients of the M and N set to the final
positions, respectively. The model is connected between the
measurement ports of the attenuation measurement system.
Three nominal attenuations (incremental attenuations) can
be set in this model by switching its datum position (?A;,
bNj) to setting positions, i.e., (°Mj;, °Ny), ("Mj;, °Ny) and (°Mj;,
¢Nj). The third setting is representative of the step attenuator
configuration to produce higher attenuation by combining
two attenuator sections or more.

1. Normal Attenuation Measurement Technique

This subsection describes the expressions for the
substitution loss and incremental attenuation of the model
when is measured by using the normal technique as defined
[23]-[25]. This is to facilitate the validation of the results
obtained by the proposed double step technique described in
the next subsection.

When the step attenuator of the model is switched from its
datum position (°Mj, ®Ny), as shown in figure 2(a), to final
position (°Mj;, °Njj) as shown in figure 2(d), the substitution
loss that occurs is measured as and is expressed in decibels
as follows (see Appendix (A-1), (A-2)).

b b
M3; “Nay
LQ-/IN =20 lOg10 7| e e |
| *May ®Noy |
|1 — My, °Nyy + °PI; + €QIL + °RIGI|
+201og10 b b b b b
|1 — My, PNyy + PPI; + PQIL + PRI
(5)
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- M11 Mzz N11 sz (8)

The incremental attenuation, 4V (dB), of the DUT then
can be found by (5) by setting both /g and /1. equal to zero
as follows [23]-[25].

| "Ma1 "Nas |

| My, gN21|

|1 - gMzz gN11|
|1 - szz bN11|
9
It is found that the incremental attenuation of the model
consists of the attenuation of each attenuator section, shown
by the first term on the right side of (9), plus the mismatch
losses that occur between the attenuator sections, shown by
the second term on the right side of (9).

Al

inc = 2010g1o +2010g10

2. Double Step Attenuation Measurement Technique

In this double step attenuation measurement technique, the
front section attenuator of the DUT is acted as the GBA. In
Step-1, substitution loss of the DUT is measured as when
its datum position of (°Mj;, ?N;) (Fig. 2(a)) is switched to

the GBA attenuation position of (°Mj, °Ny) (Fig. 2(b)).
Similar to (5), LY¥NPis expressed in decibels as follows.
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In Step-2, the power level of the source is increased
appropriately and the substitution loss of the DUT is
measured as LYNewhen its datum position of (°Mj;, *Ny) (Fig.
2(c)) is switched to (°Mj;, °Ny) (Fig. 2(d)). L¥N¢is expressed
in decibels as
LMNe = 2010 M
N 910 | EN21|
|1 — My, °Nyy + °PI; + °QIL + °RIGI|
[1— €My, PNy + UL + VI, + WG|
(14)
By adding )" of (10) and L¥N¢ of (14), the following

expression is found.

+201logqg
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Equation (15) expresses the substitution loss of the DUT,
identical to that obtained using the normal technique as in
(5). This proves the validity of the proposed double step
technique for measurements of high attenuation variable
attenuators. By setting both /G and /1 of (15) equal to zero,
incremental attenuation of the DUT is immediately obtained
as in (9).

LMND 4 [MNe — 2010g4,

3. Measurement Result

All measurement results described in this section were
obtained using the general-purpose RF receiver system
which works on the principle of intermediate frequency
(IF=30 MHz) substitution technique [30][31]. The N9010B
signal analyzer was used as the sensitive level detector with
the following settings. Central Frequency: 30 MHz.
Frequency Span: 0 Hz. Resolution and Video Bandwidth: 1
kHz. Averaging: 100 times. The system was tested has a
dynamic range of over 60 dB with an accuracy of better than
0.001 dB, and 80 dB with an accuracy of 0.01 dB without



nonlinearity correction. The measurement room conditions
were controlled at room temperature 23°C £ 2 °C and
relative humidity 40% + 20%.

To verify the accuracy of the proposed double step technique,
measurements on low value attenuations both of fixed and
variable attenuators were carried out and the results were
compared to the one of the normal (direct) measurement
technique.

For attenuation values equal to or less than 30 dB, it is
predicted that the system uncertainties caused by the
nonlinearity is negligible small.

Table 1 shows the results for a nominal value of 30 dB of
fixed attenuator as a DUT, measured at simultaneously
frequency from 1 GHz to 17 GHz, in 4 GHz intervals. A
nominal 10 dB fixed attenuator was used as a GBA. The
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Table 1 Measurement results of small attenuation of a particular
fixed attenuator.

DUT: 30dB, GBA: 10dB

Proposed Technique Normal

- Difference
Freq = Step-1 Step-2 Result Technique
A B R=(A+B) N R-N
[GHz] [dB] [dB] [dB] [dB] [dB]
1 9919 19.776 29.695 29.695 0.000
5 9.986 19.783 29.769 29.771 -0.002
9 10.020 19.767 29.787 29.786 0.001
13 10.094 19.772 29.866 29.866 0.000
17 10.012 19.753 29.765 29.766 -0.001

Table 2 Measurement results of small attenuation of a particular step attenuator at 12 GHz.

DUT GBA Setting Proposed Technique Normal .
. Difference

Nom. Switch Nom. Switch Step-1 Step-2 Result  Technique
Value Value A B R=(A+B) N R-N
[dB] [dB] [dB] [dB] [dB] [dB] [dB]

3 1,2 1 1 1.003 2.031 3.034 3.034 0.000

5 1,3 1 1 1.003 3.968 4971 4.972 -0.001

6 2,3 2 2 2.045 3.973 6.018 6.017 0.001

8 3,4 4 3 3.954 3.933 7.887 7.887 0.000

proposed technique measured the attenuations of the DUT
in two steps. The first step was attenuation measurements of
the thru connection and the GBA in the network settings.
The second step was of the GBA and the DUT in the network
settings. The results are shown in the second and third
columns of the table, respectively. The attenuations of the
DUT then are obtained by adding these two step results as
shown in the fourth column of the table. For comparison,
attenuation measurements using the normal (direct)
measurement technique were also performed, and the results
are shown in the fifth column of the table. It is found that the
results from the proposed technique agree well (with a

maximum difference = 0.002 dB) with the normal technique

results.

Similar measurements are also made for a given step
attenuator, which consists of 4 attenuator sections: 1-dB
(switch 1), 2-dB (switch 2), 4-dB (switch 3) and 4-dB
(switch 4), which can be set from 1 dB to 11 dB in 1 dB steps.
Table 2 shows the results for the nominal values of 3, 5, 6, 8
dBs, measured at frequency of 12 GHz. Basically, any
attenuator section can be used as the GBA, but in this
experiment, the front section was applied for 3, 5 and 6 dB
measurements and the back section for 8§ dB measurements.
Good agreements were also obtained (with a maximum

difference £0.001 dB) between the results by the proposed

technique and by the normal technique.

The effectiveness of this technique was investigated by
measuring high attenuation values of both fixed and step
attenuator. Table 3 shows the results for a nominal value of
80 dB of fixed attenuator as a DUT, measured at

Table 3 Measurement results of high attenuation of a particular
fixed attenuator.

DUT: 80 dB, GBA: 50 dB

Step-1 Step-2
Freq Meas Meas Result
A Std Dev B Std Dev R=(A+B)
[GHz]  [dB] [dB] [dB] [dB] [dB]
9 50.346 0.002 30.294 0.005 80.640
11 50.246 0.001 30.406 0.008 80.652
13 50.407 0.001 30.407 0.005 80.814
15 50.635 0.002 30.276 0.010 80.911
17 50.384 0.001 30.018 0.010 80.402

simultaneously frequency from 9 GHz to 17 GHz, in 2 GHz
intervals. A nominal 50 dB fixed attenuator was used as a
GBA. Table 4 shows the results for the nominal values of 60,
80, 100 dBs of a step attenuator as a DUT, measured at
frequency of 12 GHz. This attenuator consists of 4
attenuator sections: 10-dB (switch 1), 20-dB (switch 2), 40-
dB (switch 3) and 40-dB (switch 4). For comparison,
attenuation measurements using the previous GBA
technique [12] were also performed and the results are
shown in the eighth column of the table. Both results
exhibited good agreement.

Fig.3 shows the improvement effects of the proposed
technique in high attenuation measurements compared to the
normal technique. A step attenuator with nominal values of
80 dB, 90 dB, 100 dB and 110 dB indicated by the horizontal
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Table 4 Measurement results of high attenuation of a particular step attenuator at 12 GHz.

DUT GBA Setting Proposed Technique PrevGauge D ence
Nom Switch Nom Switch Step-1 Step-2 Result | Block Tech
Value Valye A B N R-N
[dB] [éB] [éB] [éB] [dB] [dB] [éB]
60 2,3 | 40 3 40.331 20.053 60.384 60.383 0.001
80 3,4 | 40 3 40.331 40.347 80.678 80.679 -0.001
100 "2.3.4] 60 23 60.384 40.351 100.735 100.738 -0.003
technique for high attenuation showed good agreement.
2
. ® Proposed Tech Appendix
% Normal Tech Fig. Al is the signal flow graph for the network
% ' 16H 17 GHy configuration given in Fig. 2(a). Using the Mason non-
2 touching loop rule [27]-[29], the ratio b./e of the complex
S o 0x0X@xX o0 .* oo e X ) wave amplitude at e to that at an independent point b is
< o z expressed as follows.
= 9 GHz {(
5 . % %
-1.5 % bZ/eZMZINZI/{l_(FGMII+M22N11+N22FL
-2 +FGM21N11M12 +M22N21FLN12
80 90 100 110

Nominal Attenuation [dB]

Fig. 3 Improvement effects of the proposed technique by comparing
with the normal technique.

axis were measured at frequencies of 1 GHz, 9 GHz, and 17
GHz. The results obtained by the normal technique are
indicated by asterisk, and the results obtained by the
proposed technique are indicated by filled circles. The
measurement results are normalized to each nominal value
and displayed as a difference in dB as on the vertical axis.
Vertical error bars indicate the standard deviation with a
repetition number of 10. It is found that the results obtained
by the proposed technique are almost the same and do not
differ by more than 0.3 dB from the nominal value. However,
the results obtained with normal technique are highly
different at high nominal values and also have large standard
deviations.

4. Conclusion

A double step technique for accurate measurement of high
attenuation of RF attenuators was improved by introducing
a gauge block attenuator inserted into the test ports directly
in additions to the normal measurement procedure. This
technique simplified the structure of the system by removing
the isolators from the GBA without affecting additional
mismatch errors and allowed the accurate measurement of
high attenuation RF attenuators to be done in a wide
frequency range. The adequacy of this proposed technique
was evaluated by using the S-parameter analyses and
verified by carrying out some experimental measurements
over various values of attenuations and frequencies.
Comparisons with measurements obtained using the normal
technique for low attenuation and the previous GBA

+ FGMZINZIFLNIZMIZ)

+ (FGMIIMZZNII + FGMIINZZFL +M22N11N22FL)

~('¢MMy,N, Ny, I )} (A.1)
Rearranging the denominator, (A.1) becomes as follows.

b,/e=M, N, /{1-M,,N,
+ (M M,N,—-M,, —M, M, ,N I
+(M,,N, Ny —N,y —M,,N, N,)I['|
+M Ny —M, M, ,N, N, —M M,,N NI}
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Fig. A1 Signal flow graph of cascaded two port devices M and N.
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