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Abstract

This paper presents a programmable RF DFT (Radio Frequency Design—for-Testability) circuit for low noise amplifiers.
We have developed a new on-chip RF DFT circuit that measures RF parameters of low noise amplifier (LNA) using only
DC measurements [1, 2]. This circuit is extremely useful for today’s RFIC devices in a complete RF transceiver
environment. The DFT circuit contains test amplifier with programmable capacitor banks and RF peak detectors. The test
circuit utilizes output DC voltage measurements and these measured values are translated into the LNA specifications such
as input impedance and gain using the mathematical equations. Our on-chip DFT circuit can be self programmed for
1.8GHz, 24GHz and 5.25GHz low noise amplifiers for GSM, Bluetooth and IEEE802.11g standards. The circuit is simple

and inexpensive.

Keywords : Programmable RF DFT, low noise amplifier, DC measurement

I. Introduction

A rapid growth in radio frequency (RF) integrated
circuit devices demands high density, high speed and
low-cost RF systems. To realize these recent trends,
system-on-chip (SoC) has become a new solution in
today’s RFIC industry. However, the suitable test
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technique and reduction of test cost for SoC still
remain to be the major bottleneck to make affordable
wireless systems. To solve these problems, the test
technique using DFT (Design-for-Testability) circuit
in the RF and mixed-signal domain is applied as a
suitable test structure on SoC"®.

To design an effective RF DFT structure, proper
identifications of catastrophic faults and parametric
variations in RF system play an integral part of the
design. Analog systems have only a few inputs and
outputs, and their internal states exhibit low time
[9—11]_ A test
resulting in a high coverage for catastrophic faults is

constants compared to digital circuits

possible using the standard approach based on current
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test stimulus and frequency domain measurements.
However, according to Pleskacz et. al, the standard
approach based on current test stimulus covers only
linear circuits"?, This approach is difficult when used
to detect and diagnose spot defects that severely result
in non-linear RF circuits implemented as CMOS or
BiCMOS ICs®. The frequency domain measurement
technique requires more test cost.

To test point-to-point transceiver, loop-back

technique using spectral signature analysis is
generally used with lower effort and very small test
B9 However, this test technique has

disadvantages such as lower test coverage due to the

overhead

fact that the complete transceiver is tested as a whole
and the need of an additional DSP due to the higher
complexity of the test signature generationm.
Voorakaranam et al® showed gain, noise figure and
1IP3 tests of 900MHz ILNA using signature test with
optimized test stimulus. Their technique also requires
additional off-chip signature response evaluator such
as FASTest RF runtime system.

II. Approach
Conventional way of testing LNA involves
measurements of S-parameters, noise figures,

signal-to noise ratios and sensitivities using variety of
different RF test equipment. It is highly labor intensive
and reguires expensive measurement equipment. Our
proposed technique utilizes on-chip DFT circuit to
measure important LNA specifications without major
external test equipment. Qur new RF DFT circuit
provides DC output voltages, hence, making the
overall test set-up simple, inexpensive and automatic.
These DC output voltages are converted to units of
decibels and ohms by using the equations we
developed for the LNA specifications. The following
describes details of our approach.

Figure 1 shows test set-up for low noise amplifier.
It contains LNA and DFT circuit all on a single chip.
Our proposed DFT circuit provides DC outputs so that
all of the measurements can be done by on-chip data
converter within the SoC. The test structure can be
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Fig. 2. Block diagram of RF DFT hardware.

automatically configured by the external data
acquisition hardware. The complete test-bed contains
RF source (vin) with source resistance (R), RF relays
(81, S2 and S3), load impedance (Zi), and a data
converter board.

The measurement set—up contains low loss RF
relays and input transmission matching to the LNA
and DFT circuits. The positions of the relays are
controlled to measure the output DC voltages, Vi and
V1o, through the DFT circuit. These relays are
controlled by DeMux chip on external board. The RF
DFT hardware consists of test amplifier (TA),
band-gap reference and two RF peak detectors (PD1
and PD2) as shown in Figure 2. The test amplifier has
programmable capacitor banks for operating
frequencies of 1.8GHz, 2.4GHz and 5.25GHz by having
digital bit streams (Dy) from the digital processor unit
(DPU). The DFT hardware occupies approximately
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10% of the total chip area and it helps to measure
LNA
equipment. In our testing approach, we assumed a
unilateral LNA at 1.8GHz, 24GHz and 525GHz as
discussed in [13].

In this paper, we consider measurements of input

performance without expensive external

impedance, gain, voltage standing wave ratio, input
return loss and output signal-to-noise ratio of the
LNA. We consider fault-free and faulty cases and the
following
expressions that are developed to translate from the
to the actual LNA

sections will present mathematical
output DC measurements

parameters.

2.1. Input Impedance

Figure 3 shows the equivalent circuit for the inputs
of the LNA and test amplifier. Z; and Z; represent the
input impedance of the LNA and test amplifier,
respectively. These impedances have real and
imaginary parts.

The input impedance measurement is performed
with the switches S2 and S3 in closed position and the
switch S1 in open position from Figure. 1. The overall
test technique is to find any deviations between the
source impedance (Rs) and the input impedances (Z;
and Z»). For example, the test a'mpljﬁer of Figure.3
looks for changes in input impedance of the LNA for
any mismatch with the source resistance. In case of a
mismatch due to a defect or a process variation, the
DC voltage at the output of RF DFT circuit is
presented.

Let’s consider fault-free ILNA with good input

Equivalent circuit for the inputs of the LNA and
test amplifier.
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matching condition. The Equation (1.1) represents the
theoretical values for the voltage across the input
impedances of the LNA and TA. The TA is designed
with the input and output matching impedances of 50
Q, and a flat gain of K = 3 to increase test output

14

in

voltage to the original input voltage level
indicated in Equation (1.2). The DFT circuit monitors
the DC voltage Vr; as shown in Fig. 1. Equations (1.1)
and (1.2) represent important expressions that are
developed to derive input impedance of the LNA.

as

Lz |
12Z, +R,

| zz, I,V |
R, +Z 1z "

vl =

i

(1D

Y =’VTA0JI+V02 =MIQ +V,= Z_Z"'E VK +V, (12)

where lzll and lZz' are magnitudes of input
impedances of LNA and TA, respectively, K, is
voltage gain of TA and V, is offset voltage of the
peak detector circuit, PDZ2. Since the complex
impedances of the LNA and the test amplifier can be
said to have Re(Z,)>>Im(Z,) and Re(Z,)>> Im(Z,),

their magnitudes ‘Z 1| and IZZI are respectively
expressed by '

1Z,|= IRe(Z,)F +[Im(Z)]’ =Re(2,) (13

1Z,| = J[Re(Z,))? +[Im(Z,))* =Re(Z,) (14)

Using the measured V1o voltage, Equation (2) is
obtained to calculate the fault~free INA impedance, Z;

K,

1—[1+'—%JK1

|2,|= f;,) =R, Q]

2

K
where K; = _Ki?_’ K, is the voltage gain expressed
2
Vi — V,
as Ky, = DVE 02



2007 48 TXASEE =X A 4 HTCH KM 43

Under a faulty condition, the LNA can have
catastrophic faults such as resistive short and open
faults due to the spot defects and parametric faults
such as unusual thermal variations and unusual
"I In this case, there is a certain

variation in magnitude of input impedance of LNA

process variations

because of change in its input matching condition.
This condition provides a new value in V9, which is
the output DC voltage for faulty LNA. The input
impedance of the LNA under a faulty condition can be
expressed as

K,

\Z\|= f(V},) = R,

Q
1) 3

— K -
where K= 2 and Ky, is the voltage gain
2
—_— Vn_ V02
expressed as Kj,= v under a faulty

condition. The bar represents the parameters under
faulty conditions.

2.2. Voltage Gain

The voltage gain measurement is performed with
the switch S1 in closed position and the switches S2
and S3 in open position from Figure. 1. The voltage
gain measurement is based on monitoring the DC
voltage of the first peak detector, PD1. The DFT
circuit monitors the DC voltage Vr1 as shown in
Figure. 1.

Voo = KW |+ 7y (4)

where K is LNA voltage gain and Vg, is the offset
voltage for the peak detector circuit, PD1.
From Figure. 1, Equation (5) is obtained.

ﬂ_iVm

lVLl:RS+lle

(5)

Using the measured V11 and Vrz voltages, new
expression for Equation (6) to calculate the fault-free
LNA gain, K is used.

(394)
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R
K=f(VT1=VT2)=(1+I_ZS—|]K01 6)
1

is the voltage gain expressed as
Vin— Vi
Vi
Under a faulty condition, the DFT circuit provides a
new value in Vi, which is the output DC voltage for
faulty LNA. The voltage gain of the LNA under a
faulty condition can be expressed as

where K,

Ky =

KOI

— _— R
K'—'f(VTerz)= 1+=

1

)

where K—(n represents the voltage gain expressed as

7:/’1—‘ Vm
Ky=—F——

under the case of a fault.

2.3. Input Return Loss
The input retumn loss (RL;) is an important

parameter in LNA. Using unilateral LNA assumption
{13], we obtained input return loss of the LNA.

]Z,]—ZO

RL, = f(Vy,)= 2010g’Z ’+Z
1 0

®

where 7y is the characteristic impedance of the LNA.
Under the case of a fault, input return loss can be
expressed as Equation (9).

RE, - 17y =2010g 2172
i =J (Vr2)=20logl=—="-—

9
1Z,|+ 2,

2.4. Input Voltage Standing Wave Ratio

The input voltage standing wave ratio (VSWR;,) is
also an important parameter in LNA. The value for
VSWR should be minimized to avoid high insertion
loss in LNA. From our DFT structure, we have
developed an expression for the fault-free VSWR,
which is shown in Equation (10).
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1+]T,

VSWR,, = f(Vr,) = (10)
1 - 1_‘in

where Fin is the reflection coefficient expressed as

' zizl|_Zo
! ’le"'Zo and Zy is the characteristic

impedance of the LNA.
Under the case of a fault, VSWR;, can be expressed
as Equation (11).

T,

n

T

in

1+

VSWR,, = f(V;,) = (11)

[u—

The bars represent defective parameters under
faulty conditions.

2.5. Output Signal—to—Noise Ratio
The noise figure has been defined in a number of

different ways. The most commonly accepted

definition™® is
SNE,
NF= NE (12)
out

where SNR,, and SNR,,, are the signal-to-noise
ratios (SNR) measured at the input and output,
respectively. SNR;, must be measured for the
reference resistance noise.

Using open literature"®, the SNR,, measured at the

input can be expressed as Equation (13).

(z.)
2R (R, +|z,|] k7B

V.2 2R, +z)f
(weR 42])

2

SNR,, = (13)

where Vi, is RMS voltage of the input signal, kT is
-174 dBm/Hz and B is signal bandwidth.

From Equations (12) to (13), the SNR,., at the

output using DFT circuit is

(]Zl I/in)z _1_
2R,(R, +|z,|f kTB NF

SNR,, = f(Vp1, Vi) = (14)

Under the case of a fault, Equation (14) can be
expressed as Equation (15).

LNAZ ¢t M22 Z20% Jts 150 A8 2452
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SNR,, = f(Vr,V 12) =

v 1

2R, (Rx +W)z kB NF 15

II. Fault Models

Both catastrophic faults and parametric faults are
considered for BJTs, CMOS and passive components
028 Spot defects that can severely degrade the
performance or result in chip malfunction are
considered™. We designed the LNA using 0.18m
BICMOS technology. We considered physical defects
in both BJTs and N-MOSFETSs. Resistors and
inductors with open faults are selected to have
approximately 10 times the given values, and resistors
and inductors with short faults are selected to have
For
capacitor defects, open faults have approximately 0.1
short faults have
128 We
considered +10% to #50% variations in resistors,
capacitors and inductors, and 25% and +509 for

number of emitters,

approximately 0.1 times the given values.
times the given values, and
approximately 10 times the given values'

emitter width and length
variations in BJTs for parametric faults. We also
+25% and +50% for channel width
variations in N-MOSFETs for parametric faults. For
5.25GHz LNA a total of 173 different fault models are
considered. Amongst them are a fault-free model, 28
different catastrophic fault models and 144 different
parametric fault models. For 1.8GHz LNA a total of
111 different fault models are considered. Amongst
them are a fault-free model, 22 different catastrophic
fault models and 8% different parametric fault models.
For 24GHz LNA a total of 111 different fault models
are also considered. Amongst them are a fault-free
model, 22 different catastrophic fault models and 83
different parametric fault models.

considered

IV. Analysis

To verify performance of our proposed DFT circuit,
we have designed three different RF LNAs with
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Fig. 4. Schematic diagram of RF DFT.

operating frequencies of 1.8GHz, 2.4GHz and 525GHz
using 0.18um SiGe technology. The proposed DFT
circuit is shown in Figure. 4. It consists of test
amplifier with programmable capacitor banks, Cg and
peak detector circuit stages. The RF peak-detectors
are used for converting from RF signal to DC voltage.
The bias stage utilizes band-gap reference circuit
for a low supply voltage and low power dissipation.
The inductor (Ly) is used for input and output
impedance matching. The bias resistors (Rg and Rog)
shown in Figure. 4 are used to keep transistor Qu in
the active region so that the transistor acts as a
rectifier. The diode connections have advantages of
resulting in keeping the base-collector junction at zero
bias. The smallest amount of minority charge storage
during forward biased condition will be highly
beneficial to rectification of RF signals"®. To reduce
the output ripple voltage, Ry; and Cys are chosen with
large values. We also performed process variation
simulations on the INA and DFT circuits. The
variable capacitor, Cg, is used for different LNAs.
The DFT circuit can handle different frequencies by
adjusting the value of the capacitance (Cg) as shown
in Figure 5. We have designed 1.8GHz, 2.4GHz and
5.25GHz low noise amplifiers for GSM, Bluetooth and
[EEE802.11g standards with DFT circuit on a single
chip using 0.18um SiGe technology to demonstrate this
idea. It has 3-bit programmable capacitor banks to
operate at different RF frequencies. The capacitor
- banks are controlled by using digital signals, (DiDsDs),
from the DPU. The input data streams of (DsDyD;) =
(001) for 525GHz, (011) for 24GHz and (111) for
18GHz have been used for three different LNA
frequencies. It is powered by 1.8volts supply voltage.

(396)
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Fig. 5. Schematic Diagram of Capacitor Banks, CB.

The transistors M;, Mz and M; are designed for
operating in deep triode region so that they exhibit no
dc shift between the input and output Voltagesm].

The resistors (Rp;, Rpe, Rps, Rsi, Rz and Rss) are
used to control DC bias voltage of MOS switches. To
handle three different frequency ranges and to reduce
total occupied chip area for capacitors, the capacitor
banks, Gy, Coz and Cys are selected with three different
values.

Figure 6 shows high—frequency small-signal model
for the test amplifier and peak detector™ .
Simultaneous matching is performed, and the effect of
the load impedance is taken into account in the
simplified small-signal BJT and inductor models
shown in Figure. 6. To verify and compare the
accuracy of the designed DFT circuit, accurate
modeling is performed. The transistor is replaced with
hybrid-1 model, and the inductor is replaced with
series resistance R and its inductance L. From an
analytical analysis of DFT circuit, the

impedance, voltage gain and transfer functions are

input

obtained. The output resistance rq; of the transistor
Qo due to its high value is neglected.
The magnitude of input impedance of the test

......................... -
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Fig. 6. High-frequency small-signal model
circuit,

for DFT
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amplifier from Figure. 6 can be expressed as

A0)+Ba)
ainolQ)l[Zmlcml(l/ "1 - ngZwlcml)_(le +Cp)]

(16.1)

A

where

AD=1+Ry + 20 YU, -d, oG ol Ror 1 100Uy —a}ngwlcwl)z

(16.2)
K@{H%}prmn‘”wl(cmﬁ'cmn)[ancml"'rwl(cwﬁcwl)‘@}
(16.3)

7 = LolA-aCyIm&, )4 R, Gy Re, 1)
R, (Gt Gy~ Goy I, )1+ Gy Re@, M- L, )

(16.4)
(a,b, — a,b,®* + a,b,w*)
Re( Z =
e(Zpp,) wz(blz +b220)2) (16.5)
_ _ 2
IM(Z,p,) =~ Wb mab)@” )

@’ (b, +b,’ %)

G = ZroalosRs H{Bos + R} 8,047)

& =&, R+ (Ros+ RRofGos+ Rodoe1+ 8,080 Cos
& =R RfoloCas

b =aGy

b, =[a R o1+ 8,0 s

(16.7)

The equations related to voltage gain of test
amplifier are listed in Equations (17.1) to (17.3).

K, = % 17.0)
where
N@)=(0-g,0Zra \JOC ) Zp,, (172)

D) =N+(jaCo)Zpp)
Zro gy i L Ny, L L %4 2
(I+Z_col (1+jaq’zzwl)]i[l+Rbm +ZF01 (1+Rbo1 +’boljj+(l+Rb01 +rw1)}

_h(l'*'é"'—zﬂ 1-g,0Zr0)
o\ R Tt

(17.3)

From direct transfer function analysis for peak
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a8 7. DFT 27 A= LNA & ALE
Fig. 7. Chip micrograph of LNA with DFT circuit.

detectors, PD2 and PD1, we obtained equations listed
in Equations (18.1) to (18.2).

58y RosRosPorCoq
[(1+ 8,04 R07) + 5B, Cos IHRys + Rog) + Ry RosCoal

(18.1)

Hpp(s)=

5800 Bos Bos Ry God'
(A4 800 By ) 5K Cos 1 Ros ™R ) +5Rs' Bog' Gy
(182)

Hyp(9)=

where prime mark represents each component for the
peak detector, PD1.

For details for DC and high frequency small-signal
analysis of the capacitor banks, refer to APPENDIX A.

Figure. 7 shows chip micrograph of the LNA with
DFT circuit. The DFT block is indicated in dotted
lines. The physical chip area is approximately 1.45mm
x 1.45mm.

V. Results

A typical testing of LNA involves expensive
measurement equipment. Qur RF DFT circuit provides
DC voltages (V11 and Vu), which can be used to find
LNA through the

expressions shown in previous section. We now

specifications mathematical

present the results of LNA measurements. For details
for results of 525GHz LNA, refer to [2,8]

A) Defect vs. OQutputs
Figures 8(a) and 8(b) show the scatter plots of DC
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output voltages for various faults for catastrophic and
parametric variations in 2.4GHz low noise amplifier
using proposed test structure shown in Figure 1.
These figures show the scatter plots of DC voltages
for various faults including open, short and parametric
variations in low noise amplifiers. These DC voltages
are measured after 40 nanoseconds settling time of the
peak detectors to ensure steady-state DC value. The
output RC time constant of the peak detector
contributed to the settling time constant. As can be
seen from Figure 8(a), most of the catastrophic faults
are in the lower end of V1 with varying V. For
resistor and transistor faults shown, the observed
output voltages V11 remain in far left side as compared

to a fault-free value. These results reveal that lower
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Fig. 8. Scatter plots of (a} catastrophic and (b)

parametric variations for 2.4GHz LNA.
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voltages of V11 indicate faults in resistors and
transistors. These results show that the proposed DFT
structure is suitable to detect variety of faults for
Figure 8(b)
shows the scatter plot for parametric variations. It

go—no go screening at the wafer level.

shows that the parametric faults are concentrated near
the fault-free case. We used RF input source from
100mV to 180mV at 14 - 6.0GHz for all three different
LNAs, which showed similar results as shown in
Figures 8(a) and (b).

Tables 1 and 2 show list of partial values of input
impedances, gains, voltage standing wave ratios, input
return losses and output signal-to-noise ratios of the
1.8GHz and 2.4GHz low noise amplifiers, respectively.
We used Equations (2) to (15) to calculate fault-free
and faulty values. These values are compared with real
measurement values. As can be seen from the tables,
the required specifications that are measured by the
DFT circuit were very close to the external equipment
measurements. These results reveal that our proposed

E 1. 1.8GHz LNAoll st RF DFT ZHAet Zefel
HAL =
Table 1. Comparisons between RF DFT testing and

conventional testing for 1.8GHz LNA.

Test External Equipment Test Proposed On-Chip DFT Test
Faults |2} {9] K [dBIYSWR,|RL[dB]| SNR,[dBI} |Z]| [ K [dB] |VSWR,, RL,[dB])SNR,.{dB]
Fault-free |51.69 15.30/1.0338] -35.6 | 9894 }47.62)1535]1.0500' -32.3 98.42
M, Gate Open| 4780 ~84.55/95.594] -0.19 | 2452 |614.21-89.7812.285 -142 3170
M, G-S Short[ 100.1 ~46.21{18.627| -0.94 | 58.96 |258.7|-48.92|5.1740 -3.40 6801
M, S-D Short| 22.61 -3.845/3.7660f 4.73 | 77.63 |30.01 (-1.114{1.6670 -10.5  83.84
L+30% 159.54 14.84(1.6000{ -12.7 | 9961 |[58.5413.95(1.1710. -22.1 9930
L;+40% (64.24 14.59(1.8600| -10.4 9999 }163.18|13.57(1.2640 -187  99.65
L;+50% |69.67.1431(2.1500] -8.76 | 100.3 |69.79 | 13.08|1.3960. -15.6 . 100.0
B 2 24GHz LNAol Cist RF DFT ZAlet Zalef
dAt B[
Table 2. Comparisons between RF DFT testing and
conventional testing for 24GHz LNA.
Test External Equipment Test Proposed On-Chip DFT Test

Faults IZxI[fZlTK[dm;WP RL,{dB]| SNR.{dB]} |2 [Q}] K [dB] | FSWR, | RL,[dB] |SNR..[dB]
Fault-free |48.81 15.69 '1.0245| -38.4 | 98.61 |46.69 |15.53 |1.0710| 293 | 9829
My Gate Open| 4116 -84.48 82.333] -021 | 22.82 | 416.5 |-89.47|8.3298} -2.10 | 6022
My G-8 Short| 100.0 -39.66 2.000 | -9.54 | 69.55 | 1983 {-42.49|3.9658| -4.48 | 8761
Mo, S-D Short] 32.17 0.445 1.5543| -13.3 | 83.67 | 3295 |2.116 |1.5174| -13.7 | 3892
Lo+ 30% |60.72° 15.08 12144 -20.3 | 99.51 | 60.78 | 14.33 [1.2156] -202 | 9934
Ly +40% 16634 1478 1.3267) -17.1 | 99.84 | 67.44 | 13.81 [1.3488] -166 | 99.70
Lo +50% (72.48 14.46 1.4496 -14.7 | 100.1 | 72.58 [ 13.43 1144516 -147 | 99.88
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on—chip DFT scheme is suitable for go—no go test of
the LNA. We noticed that conventional testing
provided significant differences between fault-free and
faulty LNA. On the other hand, the proposed DFT
testing provided with the similar differences between
the two. Therefore, the proposed DFT structure
provided the same fault coverage with significantly
less cost. The fault detection of the LNA can be made
by looking at the gain, impedance or input return loss
variations. We tried similar experiments for the
5.25GHz frequency LNA and it provided with similar
results [28]. The proposed on-chip DFT scheme
showed fault coverage of 1009 for catastrophic faults
and approximately 90% for process variations. There
was very small deviation between the conventional and
proposed on—chip DFT scheme for fault-free case as
indicated in Tables 1 and 2.

B) Frequency vs. DFT Performance

We were able to adjust the input capacitance (Cg) of
the RF DFT circuit by providing a combination of
digital codes to the capacitor banks. This feature
provided us with capability to use the same DFT
circuit to different frequency LNAs. Hence, a complete
programmable DFT circuit is incorporated to the
designs of the low noise amplifiers. Table 3 provides
the test amplifier gains and input impedances. These
results are used to obtain magnitudes of input
impedances of the 1.8GHz and 24GHz LNAs. The gain
of the test amplifier is designed for 3 at the specific
frequency and the system calibrates it before the
testing begins. As shown in the table, the measured

- - _
E 3 ZAE EE7(9 ol5n ¥y dmEHA
Table 3. Gains and input impedances of the test
amplifier.
S-Parameter Results Modeling
(D3D:D1) Frequency [GHz]
K, |z.{ €2 K, 2.} 121
1.6 2.925 52.49 2.923 52.35
. 1.7 2994 51.40 2.992 51.31
(111) 1.8 3.025 50.24 3.021 50.12
1.9 3.040 49.11 3.036 49.02
20 3.045 48.01 3.042 47.93
22 2910 51.20 2.909 51.09
23 2.979 50.11 2.978 49.99
11 24 3.010 48.95 3.009 48.84
25 3.025 47.82 3.023 47.71
26 3.030 46.72 3.029 46.61

LNAE 98t 22 ZEIY Jt5 130 HAM2 MAsz

(399)

S-parameters provided very close results with
modeling at frequency range.

We also considered parametric variations from
+10% to £25% of all the passives on the DFT circuit
to verify accuracy of designed DFT circuit. The
parametric variations on the inductor Ly shown in
Figure. 4 was most sensitive to the gain of the LNA.
The maximum change in the gain of the LNA due to
the DFT circuit was less than 0.02dB for all of the
three LNAs. Therefore, the value can be neglected for
the measurement error.

With the DFT circuit, we tested low noise amplifiers
in different RF ranges. Tables 4 and 5 list comparisons
for the input impedances, gains, input voltage standing
ratios, return and output
signal-to-noise ratios of LNAs with 1.8GHz and
24GHz operating frequencies, respectively. As can be

wave input losses

seen in the tables, our proposed DFT test results are
very close to external equipmernt measurements. These
results reveal that our proposed on-chip DFT scheme
is suitable for functional test of the LNA at the
packaged level. The proposed DFT structure provided
similar results with significantly less cost. We tried
similar experiments for the 525GHz frequency LNA
and it provided with similar results [2,8].

E 4 18GHz LNAJ| ofist M= 5|
Table 4. Comparisons of functional results for 1.8GHz

LNA.
External Equiprment Test Propased On-Chip DFT Test
Frequency : -
—
i 0 KU YR | RL 40| SR 2] K KT VSR RLAEY SR
16 57.057!17_799 L1411] 2362 | 99.631 | 55967 | 12.600 1.ll94| -24.9 | 9435
|
17 51.058|14.5%4( 1.0212 | -39.60 | 98912 | 46493 | 15.136 1.0754! -8 ; 98.368
18 51.688(15301{ 10388 -3560 | 98938 |47616] (5348{ L0500 -3225 ; 984zl
{
19 574571143600 L1452} -23.17 | 99512 | 53755 | 13959 1.(7751| 2383 1 98912
i : i
20 62292}12431 1.2458 ( -1921 9868 | 58762 | 11.830| 1.1752} -21.88 1925
E 5 24GHz LNAd| tidt 45 v|W

Table 5. Comparisons of functional results for 2.4GHz

LNA.
Exdternal Equipment Test Proposed On-Chip DFT Test
Frequency - -
(G 2 (€0 K14B)| VSR | RLAdB)| SN B | |2 (1| K[aB] | VSWR, RL[B] SN dB]
;
22 46.889,13.430] 1.0664 | 2987 | 98.574 |44.603 | 14282 1.1210. -24.88 , 98.082
23 45.8]8il4.992 109137 2720 | 98329 |42891)15.625| 1.1658; -2232 - 97.766
24 48.804 |15.688( 1.0245 | -3834 | 98614 |46.685|15.530 1.0710: 2930 98291
25 54.626‘:14.984 10925 [ 2709 | 99.179 | 56599 | 13.977 l.1320| 2417 99.186
26 59.5373]3.283 1.1947] 2104 | 99530 | 61744 | 12.483 | 1.2355| -1955 99.578
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VI. Conclusions

This paper presented a new programmable RF
Design-for-Testability circuit. We proved that our
programmable RF DFT circuit can help to sort out
good and bad RFIC chips in the wafer level as well as
providing all of the functional testing. Utilizing our
new DFT circuit, we measured input impedance, gain,
input return loss, input voltage standing wave ratio
output The
programmmable RF DFT circuit provided successful
testing of LNA chips. Three different operating
frequencies were self programmed in the DFT. The

and signal-to-noise  ratio. new

RF low noise amplifiers provided with complete
testing by utilizing a novel DFT architecture and
mathematical equations. We believe that this new
capability will provide industry with a low-cost
technique to test RFIC chips.

References

[11 J-Y. Ryuy, BC. Kim, S-T. Kim, and V.
Varadarajan “Novel Defect Testing of RF Front
End Using Input Matching Measurement,” 9th
IEEE Int. Mixed-Signal Testing Workshop, pp.
31-34, 2003.

J-Y. Ryy, and B.C. Kim, “A New RF BIST for
45-55GHz Low Noise Amplifiers,” 10th IEEE
International Mixed-Signal Testing Workshop,
pp. 189-195, 2004.

D. Lupea, U. Pursche and H.-J. Jentschel,
“RF-BIST:  loopback  Spectral  Signature
Analysis,” IEEE Proc. of the 2003 Design,
Automation and Test in Europe Conference and
Exhibition, pp. 478-483, 2003.

D. Lupea U. Pursche and H.-J. Jentschel,
“Spectral  Signature Analysis-BIST for RF
Front-Ends,” Advances in Radio Science, pp.
155-160, 2003.

[5] J. Dabrowski, “BiST Model for IC
RF-Transceiver Front-End,” 2003 Proc. of the
18thIEEE Int. Symposium on DEFECT and
FAULT TOLERANCE in VLSI SYSTEMS, pp.
295-302, 2003.

R.  Voorakaranam, S. Cherubal and A.
Chatterjee, “A Signature Test Framework for
Rapid Production Testing of RF Circuits,”
Proc.of the 2002 Design, Automation and Test

(2]

(3]

(4]

(6]

(400)

37

in Europe Conference and Exhibition,

186-191, 2003.

BR. Veillette and G.W. Roberts, “A Built-in

Self-Test Strategy for Wireless Communication

Systems,” Proc. of the 1995 Int. Test

Conference, pp. 930-939, 1995.

J-Y. Ryu, B.C. Kim and I Sylla, “A New

BIST Scheme for 5GHz Low Noise Amplifiers,”

IEEE 6th European Test Symposium, pp.

228-233, 2004,

EP. Vandamme, MP. Schreurs, and C. van

Dinther, “Improved Three-Step De-Embedding

Method to Accurately Account for the Influence

of Pad Parasitics in Silicon On-Wafer RF

Test-Structures,” IEEE  Tran.  Electronic

Devices, vol. 48, no. 4, pp. 137-142, 2001.

[101K.C. Craig, SP. Case, RE. Neese and CD.
DePriest, “Current and Future Trusting in
Automated RF and Microwave Testing,” IEEE
Proc., pp. 183-192, 1994.

[11] M. Soma, “Challenges and Approaches in Mixed
Signal RF Testing,” IEEE Proc., pp. 33-37, 1997.

[12] W. A. Pleskacz, D. Kasprowicz, T. Oleszczak
and W. Kuzmicz, “CMOS Standard Cells
Characterization for Defect Based Testing,”
[EEE Int. Symposium on DFT in VLSI
Systems, pp. 384-392, 2001.

(131 G. Gonzalez, Microwave Transistor Amplifiers:
Analysis and Design 2nd Edition, New Jersey:
Prentice Hall, 1997.

(141 B. Razavi, RF Microelectronics: Prentice Hall,
New Jersey, pp. 11-53, 1998.

[15] Gray, Hurst, Lewis and Meyer, Analog and
Design of Analog Integrated Circuits 4th
Edition, New York: John Wiley & Sons, Inc.,
2001.

[16] B. Razavi, Design of Analog CMOS Integrated
Circuits, McGraw-Hill, Inc, New York, chapter
12, 2001.

PP

(7]

(8]

(9]

APPENDIX A

Let’s consider DC model shown in Figure A.l to
explain DC bias condition of the 1-bit capacitor
bank.

When the digital input D1 shown in Figure A.1(a)
1s logic high state with 1.8volts, the MOS switch is
with
Vps1 € 2(Vgsy — Viyp) for operating in the deep
triode region. On the other hand, when the D1 is

closed since it is designed
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VDD VDD VDD
Rp,; Rp; Rp;
D] VDI VDI
O—’ M1 Ron]
+
Vsi Vsi
VG1 RSI RS] RSI

(2) 1-bit DC model (b) “On” state (¢} “Off” state

a8 Al 1-H|E HEjAlE #3329 DC 2
Fig. A.1. DC model of 1-bit capacitor bank.

vr CBI:| 21 R Car= Za’l 1 Vg
Ry Ry

a8 A2 AME ZE
Fig. A2 Small-signal model.

logic low state with Ovolt, the MOS switch is open.
In this circuit, the on resistance of the MOS switch
expressed in Equation (al) is designed with
approximately 2 ohms. The other DC parameters are
described in Equations (a.2) to (a.b).

VDSl(on) _R = 1
onl ( 1)
Poston " 1, Vo =V)
Vo =V =V =1.8-0.7=1.1[V] (a2)
I Di(on) — 0.1[mA] (a3)
V., -V 1.1V
RSI — G1 GS1 - [ ] _ 1 1[kQ] (a4)

Ipn  Omd]l

_ Vo=V Voo — Vision = Vi _ 0.6[V]

R, = = =
o ID](on) IDl(nn) 0.1[mA4]

=6k (ab)

Using this DC model, when (DsD-Dy) = (001), Figure
5 shown in Section IV can be modeled as Figure A.2.

. 1
Since Ry > '-——

w(2C) > R, and

1Fo AAE dAs

v Cp1=2Cy; CB2=2Cy;
S ral

a3 A3 I8 A29 S7t 24
Fig. A3 Equivalent model for Figure A2.

Ry > ‘; > R, We obtain equivalent model

w(zcbl)

shown in Figure A.3.
From Figure A.3, we obtain Equation (a.6).

C _ CBI CBZ

= =C
? CBI+CBZ ! (a6)

This circuit is designed so that when (D:D:Dy) =

(001), Cp= Cbl, hence making the test amplifier
matched at 5.25GHz. When (DsD:Dy) = (011) and (111),
Cs is expressed as Equations (a.7) and (a.8), hence
making the test amplifier matched at 24GHz and
1.8GHz, respectively.

C,=C, +C,, (an
Cp=Cy +Cp,, +Cyy (a8)

Considering f1=5.25GHz, {>=2.4GHz and f3=1.8GHz, to
adjust input impedance of the test amplifier, we can
make relationship expressed as Equations (a.9) to
{a.11).

@,Cp =w,Cy (a9)
@,Cp =0,C,, (al0)
@,Cp =0,C,; (all)

From these equations, Cu, Gz and Gy can be
expressed as

4]
C,=—Cy=kCy =kC, (al2)
@,
[0
C,, =—Cy =k,Cy =k,C,, (al3)
2
[4)]
Cy; = —-C, =k;Cy =k,C,, (ald)

W,
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where  ki=b5.25/5.25=1, and

ks=5.25/1.8=2.9167.

ky=5.25/2.4=2.1875

Therefore, we obtain mathematical expression for
Cg from Equations (a.7), (a8) and (a.12) to (a.14).

Gy =k DG, +k,D,Cy, +DCy =k D, +(k, —DD, +(ky —k,)D, ]G,

(alb)
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