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Abstract—This paper presents a new technique for in-fixture calibration ~l—>
using standards of constant length. The technique uses a through line, (d) -
reflective load, symmetric two-port at a reference position, and the !
same two-port at a different position, all produced on substrates of e m
the same electrical properties and physical length. When compared © -
with the through-reflect line (TRL) technique, this one eliminates the l<2i>|

need for a length change during calibration and device measurements

while retaining comparable accuracy. Moreover, in contrast with the . N . .
line-network network (LNN) technique, it provides easy resolution of Fig. 1. Calibration measurements using: (a) thru, (_b) reflect, (c) symmetric
all error coefficients without ambiguities and does not require physical WO-Port, and (d) the same two-port shifted. (e) Device measurement.
movement of a reference two-port, but reproduction of a reference two-

port on microwave integrated circuit (MIC) substrates, which is easy to . . . -

realize. All these features make the new technique useful for in-fixture Without changing the connection conditions between the network and

measurements requiring a constant distance between input and output line. This is not easy. Furthermore, the LNN scheme needs some
connections. The validity of the proposed technique is illustrated by prior information to resolve a sign ambiguity in its algorithm.
experimental results. This paper aims at developing a calibration technique for applica-
Index Terms—Calibration, error compensation, measurement errors, tions with a constant distance between input and output connections,
microwave circuits, microwave measurements, millimeter-wave measure- \which is comparable with the TRL in accuracy and simplicity. It
ments. is built upon, and is superior to, our earlier techniques using only
reflective loads [11] or symmetric two-ports along with a through
l. INTRODUCTION line [12]. Sections Il and Il of this paper present the theory and

Since the introduction of vector automatic-network amalyzeresxperlmental results, respectively. Section IV presents the conclusion.

(VANA's) for microwave measurements, a number of calibration
techniques have been proposed. Typical ones are short-open-load Il. THEORY

through (SOLT) [1], through-short delay (TSD) [2], through-reflect The following formulation is based on the well-established eight-
line (TRL) [3], and line-reflect line (LRL) [4]. Due to the use ofterm error model and wave cascading matrix (WCM) description [3].
simple and realizable standards, TRL/LRL exhibits higher accuracyhe model uses two error two-ports to represent removable systematic
A multiline version of TRL delivers even higher accuracy [5]errors, and the WCM description provides convenience in deriving
Recently, several general approaches to network-analyzer calibral@mr coefficients.
have also been reported [6]—{8]. Fig. 1 schematically shows the measurements for obtaining the
Some in-fixture applications may require a constant distance hfgembedded two-port scattering parameters of a device-under-test
tween input and output connections during system calibration af@uT) with a microstrip as a sample transmission medium. Fig. 1(a)
device measurements [9For these applications, the TRL techniqugepresents the through measurement in which a thru microstrip
becomes difficult and other suitable techniques have to be usgfle connects the input transitiofl, and the output transitiof}.
Techniques using a matched load or an attenuator [7] in place @§. 1(b) depicts the reflection measurement at each port using a
the Ionger line in the TRL scheme are applicable, but the SUbStitUtiﬂgir of identical loads (open end)_ F|g l(C) shows the measurement
standards are difficult to produce, particularly at high frequencies agflthe system with a symmetric two-port discontinuityof length
in a planar format. Quite recently, a technique called the line-netwosly at the reference plane. Fig. 1(d) shows the measurement with the
network (LNN), which uses a line and symmetric network moved tgiscontinuity offset by a distandefrom the reference plane. Fig. 1(e)
three positions on the line, has been suggested [10]. This techniggithe final measurement in which a devitef length2w is mounted.
avoids connections/disconnections of calibration standards to enspli&hese measurements use connecting transmission lines of the same
connection repeatability. However, it requires moving the netwodectrical property and substrates of the same material and length.
with precisely equal distances between two adjacent positions afgintaining the same input and output conditions during calibration

) ) ) and device measurements is essential. Otherwise, any calibration
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line of lengthx becomes Considering the same two-port at two positions, one can use (5) and
7T Q) (6) to obtain
R(x) = < 0 ew) ©) , Ass? + B Ara + By
S22 = 028%1 + D2 ’B - C_,)(‘V + D2 (25)

where v is the complex propagation constant of the line. With the
aforementioned error model and WCM description, the cascad¥lere

system with the error-two-ports corresponds to a matrix product. Ao =54y 50, — 55,55, (26)
For the full two-port measurements in Fig. 1(a)-(e), we have the By =85, Ar — sh A @7)
following corresponding equations: o }l P (28)
2 = 831 — 834

Rt :RaRb (4) Dz :5518{1 _ 8518{1. (29)

Ry =R.R(-u)R:R(-w)R; ®) Eliminating s5, or 3 between (14) and (25) immediately leads to

Ry =R.R(—l - uw)R:R(l - u)Ry ®)  the following quadratic equation:

Rp =R.R(—w)RsR(—w)Ry. (7

(14102 - ‘4'_76'1‘)22 + (.z4_1D2 -+ BLC’Q - Ale - BQC’l)Z
On the left-hand sio_le of (4)—(7), the subs_.criptsf, f,andD d_enote +(B1Dy — BaDy) =0 (30)
the measured matrices of the system using thru, symmetric two-port, . )
symmetric two-port shifted, and device, respectively, while on tighere the unknpvirx represents botki; anda or, in other words,
right side,a andb stand for the input error-two-port and the outpuPn€ root of (30) isst, and the other is. Apparently, the criterion for
error-two-port, respectively root assignment in [3] can also be used here. Upon determifing
! ) 7 P . .
For the reflection measurement in Fig. 1(b), we have the followirf'd®, one can calculate;, and 3 using (10) and (11) or using (14)

equation by eliminating an unknown reflection coefficient of the loa®f (25). Owing to the shift of the symmetric two-portin Fig. 1(c) and
" b ) (d), (5) and (6) yield an expression relating the complex propagation
522(la — @) - su (L = ) (8) constanttosfy, 3, and other measured information. The expression is

Ta—sfy Ty — sb, _ _ ;
with 21 sh |:Af - 5{1/3 - 5(111(552 - /3)]
A, A, T A g ] (31)
a=— B=—. 9) Sp1|Ar —s118 — 871 (522 — 5)
522 511

In (8), I'n andI'y are, respectively, the reflection coefficients me I\_/I;Sltlplylng (8) by (12) and manipulating the resuiting equation, one

sured at the input of error-two-podtand at the output of error-two-
port b, while in (8) and (9) (also from now on), both subscripts and P (59, — s1)(Ta — 599) (Ty — )
superscripts in alphabetical letters mean the same thing. 522 = (=5t ) (To —a)(Ty —s8,)

Expanding (4) produces . . . .
Like the TRL scheme, the sign ambiguity here can be resolved using

(32)

t b
_ S11822 — Ay

a="1 - (10) the following estimate based on a nominal value of the reflection
S22 — S59 coefficient of the load”; and other measured information:
t a
: 532511 — A¢ T, — s}
f=—— (11) PP N S 33
54 — sty 522 Ty — o) (33)
532511 (a - SL) =511 — 511 (12)  Then,s?; can be determined from (8) or (12), and, and A, from

(9). The products?, s, is also a necessary error coefficient, which
is derived from (4) and given by
o s = s (8 = s
b ; w1 ) 312511)2 = ( B 11,2 ( 522)' (34)
=511 [AI — 5110 — s{1(522 — d)] (13) 721
) ) ) ) . Finally, the WCM of the device is obtained from (7) and calculated by
After taking the ratio of (8)—(13) and making some manipulations

Since the reference two-port is symmetric, (5) gives

a [ I b I b
S92 [AI — 511522 — a(Sap — 322)]

using (10) and (11), we obtain Ry=R™'(—w)R;'RpR;'R™' (—w)
a b
b .41561!1 +B1 4‘11L1+B1 _ 1 R(ll})( 1 —S511 )RD< 1 —S1 )R(
509 — —————————— = ———M— " a Y, b / LU)' (35)
22 Cisty + Dy A Cia + Dy (14) 59,58, s32 —Ag s32 —Ay
where I1l.  EXPERIMENTAL VERIFICATION
A t . I
AL =BA¢+ C = Esa (15) To verify the above theory, calibration standards for the current
By = Ash, — Csty + FA, (16) technique have been designed at a center frequency of 27.5 GHz and
Cy =Bsly — Dsty + F (17) produced on an indium-phosphide wafer. For comparison, it would
Dy = A+ DA, — Bs., (18) be desirable to have some results from other accurate techniques,

such as thru-reflect-match (TRM) [7] and the LNN [10], which also
A=T, (Fb—"’ﬁ - AI) (19) maintain a constant distance between input and output connections
B=T,—sh (20) during cglibration. However, '_FRM fails to provide the comple>_<
y propagation constant for rotating the reference plane and requires
C=T (HSéz - Az) (21)  an idealized nonreflecting load, while the LNN involves ambiguities
D=T, s 22) which are not easy to resolve. Thus, standards for the TRL calibration
have also been produced on the same wafer. The TRL-based results
E=Taly =4 (23)  are used only for verifying the proposed technique not intended
F =T,s5, —Tpsi. (24) for a parallel-performance comparison between these techniques
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IV. CONCLUSIONS

A new network-analyzer calibration technique for in-fixture mea-
surements requiring a constant distance between input and output
connections to calibration standards and devices has been proposed
and experimentally verified in this paper. In common with the TRL
technique, the new technique uses a nominal short or open to
resolve a sign ambiguity and the well-established criterion for root
assignment during calibration. The significant distinction between the
proposed technique and the TRL technique is that the former utilizes
an unknown symmetric two-port at two positions on its reference
transmission line in place of a longer line, as employed by the latter. It
is this distinction that makes this paper’s technique particularly useful
0 ‘ for applications not allowing a length change during calibration as
well as device measurements. The accuracy of this paper’s technique
has been found to be comparable with that of the TRL technique
through actual measurements. This is an expected result because
Fig. 2. A comparison between phase constants resulting from the nbath techniques use simple and realizable standards. Like the design
calibration (solid line) and the TRL (dashed line). criterion for line lengths in the TRL technique, the relative shift of

the reference two-port on two standards should be designed to be

an effective quarter-wavelength-long at the center frequency for best
U P soors ] 5 VA o accuracy. The proposed technique in its original form covers an 8:1
S ' frequency bandwidth. To cover a wider bandwidth, one needs to use
more standards with the same reference two-port at corresponding
positions. This is analogous to the case with the TRL scheme. Also,
to ensure accuracy, the symmetric two-port should not have too low
reflection, or another reflective load can be used instead.
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