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Abstract—This paper discusses G-band (140-220 GHz) detec-
tors based on a 250-nm InP-InGaAs—InP double heterojunction
bipolar transistor process available from the Teledyne Scientific
Company. Two types of detectors are presented—a passive de-
tector where the transistor’s base-emitter junction nonlinearity
is used, and an active detector, where the transistor transcon-
ductance nonlinearity is used for detection. Measurements of
transistor noise-power spectrum density at low frequencies is
used to model and predict the noise equivalent power (NEP) of
the detectors. Analysis of responsivity and noise is presented and
compared with measurements. Both configurations are analyzed
and compared in terms of noise-voltage, responsivity and NEP.
The conclusion that the passive detector offers lower NEP is
analyzed and explained.

Index Terms—Double heterojunction bipolar transistor
(DHBT), flicker noise, G-band, InP, monolithic microwave
integrated circuit (MIMIC), noise equivalent power (NEP), pas-
sive imaging, power detectors, radiometers, receivers, remote
sensing, responsivity.

I. INTRODUCTION

PPLICATIONS such as imaging and atmospheric studies
A require sensitive power detectors. Real-time imaging
systems require multipixel receivers. Within security imaging,
there is an obvious need for cheaper and more compact
front-ends that would allow introducing real-time scanning sys-
tems at a reasonable price. Passive systems working around 94
GHz are available today and are based on a low-noise amplifier
(LNA) followed by a power detector [1]-[4]. The low-noise de-
tector technologies available today include zero-bias Schottky
[5]-[7] and tunnel diodes [7], [9] [however, tunnel diodes are
not commercially available above W -band (above 110 GHz)],
and Schottky power-detectors, although expensive, are avail-
able with high responsivity and low-noise. Other technologies
demonstrating detectors at millimeter-wave (mm-wave) and
sub-mm-wave frequencies include SiGe BiCMOS [10], Si, and
GaAs field-effect transistors [11], [12]. The last two technolo-
gies are particularly suitable for active, multipixel inexpensive
terahertz imaging cameras.
To achieve better spatial resolution and more compact
scanners, moving up in frequency above 100 GHz is required.
Compact and cheaper front-ends require technology where an
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LNA is integrated with a power detector. Such solutions require
the use of double heterojunction bipolar transistor (DHBT) or
high-electron mobility transistor (HEMT) processes to make
a sensitive detector that is integrated on the same monolithic
microwave integrated circuit (MMIC) as the LNA. Neither
Schottky nor tunnel diodes are suitable for integration with
existing low-noise HEMT or HBT technologies. Examples of
such front ends at W-band using a commercial SiGe process
can be found in [2], [3], and [4]. The drawback of this solution
is the need for biasing, which implies increased low-frequency
noise and requires good quality biasing sources. Usually,
LNA-power detector circuits are designed in such a way that
the output level after the LNA is just below the saturation
level for the detector, typically —30 to —40 dBm. It is obvious
that, even for zero-bias detectors pumped at RF power close to
saturation, 1/ f noise is present.

This paper presents two types of detectors: a passive type
where the base-emitter junction nonlinearity of a 0.25 x 2 um
DHBT is used for detection, while the collector port is left open,
and an active type where the DHBT is biased at the collector
port. An important figure of merit for a detector is its voltage
responsivity ( Ry ) and video noise voltage (Vn).

Section II presents a method based on the polynomial expan-
sion of the current—voltage characteristic (IVC) giving the upper
limit on Ry, providing a perfect and lossless match [13]. This
method is modified for the case of the active detector and is
used to calculate and compare the achievable responsivity of
both types of detectors. Using this analysis, Section VII shows
why the passive detector delivers lower noise equivalent power
(NEP) than the active. In addition, a harmonic balance (HB)
simulation is used to confirm the theoretically derived values
for the responsivity. This responsivity is compared with mea-
surements in Sections IV and V.

Section III gives a brief overview of the DHBT process. The
transistor model implemented in the design kit does not include
low-frequency noise. To be able to predict the NEP at video fre-
quencies, measurements of the transistor noise-power spectrum
density are performed to extract the flicker noise coefficients.
A simple way to include the low-frequency noise into the tran-
sistor model is presented in Sections IV and V. The calculated
noise voltages are compared with the noise-voltage measure-
ments at the video output and estimates of the NEP of both de-
tectors is given.

Compared with a passive detector, the active circuit produces
v/ times higher noise voltage, but it cannot deliver the ex-
pected 3 times higher voltage responsivity. The reason for this
is explained in Section VII.

Section VIII discusses the temperature resolution achievable
by the detectors and its relation to the NEP and video bandwidth.
The measured NEP of the detectors is compared with the NEP
of detectors based on SiGe technology.
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Fig. 1. Simplified equivalent circuit of the base-emitter junction.

II. RESPONSIVITY

Responsivity for two types of detectors is considered: a pas-
sive detector where a diode is used as a detecting component
and a transistor-based active detector.

A. Passive Detector

A power detector is a device that produces dc voltage or cur-
rent proportional to the input RF power. Responsivity is given
as either voltage or current and is defined as

Voo Inc
Ry =S vw) m= P

To calculate the upper limit of detector-responsivity at a par-
ticular RF frequency, one needs the IVC of the diode, the par-
asitic series resistance Rg, and the diode capacitance Cgg. An
equivalent circuit of the base-emitter junction is shown in Fig. 1.

The calculation is based on the Taylor expansion of the
diode’s IVC around its operating point V and shown as

1d2

(Vo) =iV0) + By~ Vo) 5 S L (0~ Vi)?

1d% (l i
bV - V) e @)
If the applied voltage is v = Acos(wt), the terms producing
a dc component in the current are the first, the square, and the
quadratic terms. The only term that produces a dc current com-
ponent proportional to the voltage square (power) for a zero bias
voltage is

. 1 d%;
i) = 2dv? vt (3)

The power absorbed by the junction is

7]2

Prr =

4)

RpE

where Rpr = di/dV is the diode differential resistance at the
corresponding bias point of the IVC. The current responsivity
is thus the ratio of the dc current component and the absorbed
RF power and is given by

d?i
ax il 1 d?% 1 g2
RMAX _ o) _ 1d% = —dv”
I PRF 2 d’UQ BE 2 ﬁ (5)
dv

The ratio of the second to the first current derivative in (5) is
often called “curvature.”

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 61, NO. 6, JUNE 2013

aA'A

Rpe(Vee)

D)
./
Ice(Vie)

Fig. 2. Equivalent circuit of the DHBT active detector.

In most cases, the value measured at dc is voltage and the
voltage responsivity Ry is thus of interest. The voltage respon-
sivity can be obtained from R; by multiplying it with the diode
resistance I at the corresponding bias point of the IVC as

e

The voltage responsivity is sometimes given as

d%i
Jo?

)

R MAX

RYAX Ry
~ difdv

RUAX =
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d%v
1 7.2
MAX _ 1 dj
By = =5 (7
di
It can be shown that, for a quadratic function i = w2, (6) and

(7) are identical. Note that, in the above expression, Rg and
Cpg are ignored, and their presence will scale the maximum
responsivity at high frequencies with a scaling factor according
to [13]

1 1
Cr = . ®
1+ Bs 1+ s . RBE
Rop Rs+ Rpr 1/ub°C%p

The real voltage responsivity of the detector at high frequen-
cies is the scaled R}MAX from (6) and shown as

d%i
L4 on ©)
2 (di

dv
The input parameters needed to predict the responsivity and

the optimum bias point at high frequencies are thus the IVC,
CBE(VBE)y and Rs.

Ry =

B. Active Detector

In this case, a transistor is biased as a current amplifier ac-
cording to Fig. 2. The RF is applied at the base-emitter whereas
the dc component of the collector current is the measure of the
RF power.

In this case, the quadratic term in the Taylor expansion i =
f(upE) is used to derive the responsivity. The analysis of the
expected responsivity for the active detector is similar to the one
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Fig. 3. (a) Simplified schematic of the diode detector not including matching
and biasing circuits. A bias-dependent noise current source is used to add the
effect of the flicker noise contribution, which is not accounted for in the tran-
sistor model. (b) Layout of the circuit. The size of the MMIC is 650/450 gem.

presented above except that the base current is replaced by I.. or
(1, where (3 is the dc current gain, and shown as

d%i..
1 vy
2 (l’ib

dvpg

Ry = RcCh. (10)

The direct consequence of this is that the curvature of the active
detector is J times higher than the corresponding curvature of
the passive detector. The responsivity at high frequencies is the
product of RMAX and the scaling factor from (8). The expected
Ry, however, is not J times higher, and this will be explained
in Section VII, where responsivity of both circuits are compared
for transistors with the same size and for R = Rpg.

III. TECHNOLOGY OVERVIEW

The circuits are implemented using the Teledyne foundry
InP-InGaAs—InP DHBT process. (TSC250). Devices in the
technology offer typical RF figures of merit (ft and fmax)
of 350/600 GHz while maintaining a common-emitter break-
down voltage (Vogo) of greater than 4 V. The DHBT process
includes thin-film resistor (50 £2/sq), a metal-insulator—metal
(MIM) capacitor, and four metal layers (M1-M4). The first
layer (M1) contacts the transistor and resistor terminals. MIM
capacitors are formed with a 200-nm SiN dielectric between
M1 and the capacitor metal layer. Three additional interconnect
layers are added with 2 ym of interlayer BCB dielectric sepa-
rating the layers. The top metal layer (M4) is 3 pm to facilitate
the formation of a low-loss thin-film microstrip line and to
accommodate higher current density requirements.

A scalable Agilent encoded model is available based on
on-wafer S-parameter characterization up to 67 GHz. How-
ever, the model does not consider low-frequency noise. More
details of the process can be found in [17].

IV. NOISE VOLTAGE, RESPONSIVITY, AND NEP
OF A PASSIVE DETECTOR

The passive detector is implemented by using the BE junction
of a DHBT with sizes 0.25 x 2 pm. A thin-film resistor of 1 k{2
is used to isolate RF leakage towards the dc port of the detector.
The collector is kept open, as shown in Fig. 3.

The flicker noise is not implemented in the transistor model
included in the TSC design kit. The modeling of the flicker noise

2355

HP 35670A
Signal
Analyzer

ch2 Ch1

o

SR570 ! WL,

1Hz LPF

Fig. 4. Setup used to measure the noise current spectrum Scg.

presented below is based on measurement of the collector cur-
rent-noise spectrum density carried out with the setup illustrated
in Fig. 4. The noise parameters K f and Af are extracted from
noise spectrum measurements at the collector port of the tran-
sistor at low frequencies:
Af
Sce(f) = KfM~
f

The fitted and measured noise spectra are presented in Fig. 5.
The extracted noise coefficients are assumed to be the same for
both collector and base terminals and are thus used to define a
noise current at the base-emitter junction of the transistor as

(11)

Af
= /Sop(f) = KfIbT- (12)

The noise current is defined conveniently in a circuit simulator
using a bias-dependent noise current source, where the inputs
to the source are the measured coefficients and the dc current
through the base-emitter junction.

Measurements of the noise current spectrum are per-
formed conveniently at the collector terminal where the
collector-emitter impedance is relatively high and independent
of the base current. The noise current spectrum Scg was
measured for base currents [, = 5,10, 15,20 and 30 pA and
Vce = 1.75 V using the measurement setup illustrated in
Fig. 4. The base current is applied through a 1 Hz filter with
large output impedance, which eliminates the noise from the
bias source and prevents the noise voltage across the base from
being shorted out. The device output is directly connected to a
low noise current amplifier with input impedance of 1 2. The
amplifier also provides a voltage supply used to bias the device
output.

The measured and fitted noise spectrum for a 0.25 X 2 um
DHBT are depicted in Fig. 5. The expected noise-current spec-
tral density at the base is shown in Fig. 6.

The expected noise voltage of the detector at frequencies
dominated by the flicker noise is the product of the square root of
the flicker current noise spectrum at the BE junction (12) and the
junction resistance dv/di at the specific bias point, in this case
1 k€2 for I, = 30 psA. The simulated and the measured noise
voltage at the output of the detector are presented in Fig. 7.

The upper limit of responsivity obtainable from a
0.25x 2 pm DHBT was derived in Section II and is cal-
culated in Section VII to be 8 kV/W. An HB simulation is
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Fig. 5. Measured and modeled noise current spectrum of the 0.25 X 2 ym
DHBT [, =5, 10, 15, 20, and 30 gt A. The extracted noise coefficients are:
Kf=8e—13;: Af = 1.
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Fig. 6. Expected noise current density at the base calculated from the measured
K f and Af at the collector.
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Fig. 7. Measured and simulated noise voltage of the detector. A bias-dependent
noise current source at the BE was used in ADS together with the extracted noise
coefficients to account for the flicker noise.

used to predict the responsivity of the particular detector circuit
shown in Fig. 3. The simulation predicts a Ry of 3.4 kV/W
and includes losses in the matching circuit and the effect of the
1-k€2 resistor. The matching circuit was designed to deliver a
return loss (RL) greater than 10 dB over the frequency range
165-220 GHz. However, the measured RL is greater than 10 dB
over 145-180 GHz.

For the responsivity measurement, a pulse-modulated RF is
applied at the detector input using an X6 multiplier fed by a
synthesizer. The modulation signal, which is rectangular pulse
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Fig. 8. Simulated and measured responsivity. Due to difficulties in measure-
ment of low power levels, the responsivity is measured at RF power levels above
—28 dBm where the detector is in saturation.

series with frequency of several kilohertz, is also used to syn-
chronize a lock-in amplifier that measures the detected voltage.
An attenuator is used to vary the RF power at the input of the de-
tector, and responsivity is calculated for each power level. Due
to the lack of a precision attenuator, the RF power is measured
for each attenuator position using an Erickson power meter.! It
is difficult to measure power levels less than 1 W with suf-
ficient accuracy, and, therefore, the responsivity measurements
are performed for input power levels not less than —28 dBm.
The simulated and measured responsivities are plotted in Fig. 8.
The NEP is defined as the noise power at the input of the
detector that produces SNR at the output equal to one. In other
words, the NEP is the input signal power that produces detected
voltage equal to the measured noise-voltage V'n. In this work,
the NEP is calculated from measurements of Vn at the output of
the detector and thus is related to the bandwidth over which Vi
is measured. To make possible comparison between detectors,
Vn is measured over a bandwidth of 1 Hz, and its value is given
in units of V/y/Hz. Because of the presence of 1/f noise, it is
useful to present the NEP for a specific video frequency. The
NEP is calculated as
V.,
NEP = 7

”n
nvs

[W/vHz]. (13)
Based on the measured/modeled noise voltage from Fig. 7 and
measured Ry, the NEP versus video frequency can be calcu-
lated and is presented in Fig. 9.

V. NOISE VOLTAGE, RESPONSIVITY, AND NEP
OF AN ACTIVE DETECTOR

The active detector uses a 0.25 x 3 ym transistor in a config-
uration as shown in Fig. 10. The base current is 16 ;A and I¢
is 343 pA. As in the case with the passive detector, the flicker
noise is modeled in ADS with the help of a bias-dependent noise
current source connected at the collector and with coefficients
extracted from noise spectrum measurements of the transistor
at low frequencies. The current-noise spectrum is measured at
several I;,, and the K f and A f coefficients are extracted so that
they match well with all values of the base/collector currents.

The measured and fitted noise-current spectral densities of
a 0.25x3 pm DHBT at the collector terminal are depicted in
Fig. 11. Due to the high collector-emitter resistance, the output
noise voltage V' is calculated by the product of (S%%) * Re.

![Online]. Available: http://vadiodes.com/
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Fig. 9. Expected and measured NEPs of the diode detector; responsivity of
3300 is considered.
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Fig. 10. (a) Simplified schematic of the active detector not including matching
circuitry. (b) Layout of the circuit. The size of the MMIC is 480/440 ;¢m.
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Fig. 11. Measured and modeled noise—current spectrum S¢z(f) of 3 pm
DHBT for Vo = 1.75 Vand Ib = 5,10, 20, 35, and 50 j+A. The extracted
coefficients are K f = 12¢ — 13, Af = 1.03.

The modeled noise voltage is compared with the measured one
in Fig. 12.

The upper limit of the responsivity calculated by (10) for the
0.25x 3 um HBT and Rec = 2.6 k2 is 55 kV/W. The HB cal-
culated responsivity for the real circuit is compared with mea-
surements in the figure below.

Based on the measured/modeled noise voltage from Fig. 12
and measured responsivity, the NEP versusvideo frequency can
be calculated and is presented in Fig. 14.
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Fig. 12. Measured and modeled noise voltage of the active detector versus
video frequency for Ib = 20 A, I = 450 pA, and R¢ = 2.6 k(2.
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Fig. 13. Simulated (using HB) and measured responsivities of an active de-
tector with 0.25 x 3 um DHBT, Ib = 20 pA, Ic = 450 pA, and Re =

2.6 k2.
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Fig. 14. Expected and measured NEPs of the active detector versus video
frequency for b = 20 pA and Ie¢ = 450 pA. Responsivity of 13400 is
considered.

VI. NOISE VOLTAGES—ACTIVE VERSUS PASSIVE

The expected noise voltages for the active and the passive
detectors are

Vi}ctive — \/SCE . RC' Vjsv’assive — /SBE B RBE ) (14)
Since the coefficients K f and A f are almost the same for both
DHBT sizes, they can cancel and the ratio of the measured noise

voltages is

VActive

R
N _ -C
VFjassi\'e - \/’E ’

=2.6-v20=11.6.
Rpp

(15
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Fig. 15. Comparison of a 2-ym DHBT with open collector and with collector
biased with 2.5 V through a 2.5-k{2 resistor. (a) IVC for the base-emitter junc-
tion. (b) Base-emitter resistance for both cases.

Indeed, looking at the measured data from Figs. 7 and 12,
for a frequency of 2.5 Hz, we have VnA°tve = 33 4V and
VnPassive — 3,V resulting in a ratio of 11.

VII. RESPONSIVITY—ACTIVE VERSUS PASSIVE

It was shown that the noise voltage of an active detector is /3
times higher than the noise voltage of a passive detector pro-
vided that R~ = Rpg, where Rp g is the resistance of the pas-
sive detector dVg g /d1} at the optimum bias point, typically 1-2
kQ. The current responsivity of the active detector is J times
higher than the corresponding responsivity for the passive de-
tector, and one would expect that the voltage responsivity of the
active detector is again /3 times higher for R = Rpg. How-
ever, the active detector cannot deliver this responsivity for a
reason related to difference in the base-emitter IVCs between
the detectors.

Fig. 15 shows base-emitter IVC and junction resistance for
both detectors: passive (when the collector is open, or connected
to the base) and active when the collector is biased. It can be seen
from the figure that in the case of active detector, a higher Vg is
required to achieve certain I3, or junction resistance. The scaling
factor accounting for the junction capacitance and series resis-
tance is given in (8), where Czg and Rp g are bias-dependent.
This scaling factor will have a peak value at specific Vg such
that Rpr = Xe¢ = 1/(wCpEg). The peak value of the scaling
factor, as calculated by (8) and shown in Fig. 16, differs dramati-
cally between the passive and the active detectors. In the case of
active detector (three-terminal case), the device is operating as
a forward-biased HBT and the injected emitter current is going
through the collector terminal. In this case the base current is
just the base-recombination current determined by the transistor
current gain /3. In the two-terminal (passive detector) case, there
is no collector current flow and the injected emitter current must
all go through the base terminal, and therefore the base current
is 3 times higher than in the active case. As result, the I, (Vpg)
characteristic shifts towards higher base-emitter voltages for the
active detector where a higher Vi g is required to achieve cer-
tain [, or Rgg. The maximum in the scaling factor will also
shift towards higher voltages where C'p g is higher, resulting in
reduced responsivity.
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Fig. 16. Curvature, scaling factor from (8), and predicted £y of a 2-y¢m pas-
sive (left) compared with an active detector. As can be noticed, the current re-
sponsivity of the active detector is ;3 times higher than in the case of passive,
but not the Ry, .

As shown in (9), Ry is proportional to the product of curva-
ture and the scaling factor Cr. The responsivity of the active
detector is expected to be

g

Active __ Passive
RV - RV /BRPassivc :
‘BE

(16)

The calculations for the active detector presented in Fig. 16
are for Re = 2.6k(), the responsivity is compared with the
passive detector for bias of Vbe = 0.644 V, where R g has the
same value. The unscaled maximum responsivity for the active
detector is expected to be

Riyetive = Rplassive . g — 7317. 20 = 146.3 [kKV/W].

However, because of the lower value in the scaling factor for the
active detector due to Rs and Cj, the responsivity is reduced to
0.056
0.14

Retive = RPassive . g — 7317. 20 58.5 [kV/W]

(18)

which is also the value presented in Fig. 16.

VII. DETECTION OF THERMAL NOISE

In the case of thermal noise, the detector measures the noise
temperature of its input termination. The resolution in temper-
ature AT that the detector can deliver can be thought of as the
temperature at the input of the detector that produces voltage
change at the output equal to the noise voltage. This delta change
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TABLE I
MEASURED VALUES OF NEP AT VIDEO FREQUENCIES AT 1 KHZ AND ABOVE
THE CORNER FREQUENCY. THE VALUES ARE COMPARED TO SIGE ¥ - AND
D-BAND DETECTORS REPORTED IN [2] AND [3]

RF freq Flicker noise NEPat NEP above
GHz corner freq 1kHz, Corner freq
pWANHz  pW/AHz
Passive 180 1 MHz 30 1.9
Active 180 1 MHz 110 10
[2] 94 10 kHz 8 3.5
[3] 165 160 Hz 6 6

in temperature corresponds to a change in the power of NEP -
By, where B, = fMax _ fMin s the video bandwidth. The
maximum video frequency fM** is inversely proportional to the
integration time 7, whereas the minimum video frequency fMi*
is related to how often the radiomoeter is calibrated. The choice
of video bandwidth is a part of the system design and depends on
the type of radiometer and the application. To avoid the effect of
1/ f gain fluctuations, the fM#* needs be higher than the corner
frequency indicated in the NEP noise spectrum from Figs. 9 and
14.

The NEP plots from Figs. 9 and 14 are sufficient to evaluate
the usefulness of the detector for the specific application and
method for gain drift compensation. One way to calculate the
temperature resolution is given by

Py =NEP\/B, =k AT - Bgry

NEPV B, K

AT =
k- BRF

19)
which requires integration of the NEP over the video bandwidth.
This can be done analytically by fitting a line to the NEP plot.
An example of AT calculation is presented in [1].

Table I presents an NEP comparison between the detectors
presented in this paper and detectors based on SiGe technology.

To improve the resolution of the system, an LNA is needed
in front of the detector. The LNA will scale AT from (19) with
the inverse of its gain. The gain of the LNA preceding the mixer
is limited by the linearity of the detector, which is the maximum
power that the detector can convert to a voltage and still be
linear. Therefore detector saturation power is also an important
figure of merit. Referring to Fig. 8 for a passive detector, the
responsivity remains constant for RF power below 1 xW. Con-
sidering a certain RF bandwidth, LNA noise temperature and
scene temperature 7'z, the maximum allowable gain is

L W]
Tina + Tpe) - Brr

GLNna = P (20)

For example, for an LNA with a noise figure of 6.5 dB
(1000 K), background temperature of 300 K, and RF band-
width of 30 GHz, the maximum LNA gain is 32 dB (1800).
Having an LNA with this much gain will make AT at the LNA
input dominated by the LNA noise. In the case of the active
detector, the AT of the detector is three times higher than for
the passive for the same RF/video bandwidth. However, since
the saturation level of the active detector is 10 dB higher than
the passive, it allows for extra gain in the LNA.
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IX. CONCLUSION

This paper presents measurement results of responsivity and
NEP of two types of detectors, a passive type where the BE
junction of a 0.25 x 2 um DHBT is used as a diode rectifier,
and an active type where a 0.25 x 3 um DHBT is used as an
active rectifier with (3 times higher output current. To model the
noise at low frequencies, measurements of noise power spec-
trum were carried out, and flicker noise coefficients were ex-
tracted. Measured noise voltages and NEP are compared with
modeled ones. The NEP presented in this paper is not as good
as the NEP demonstrated earlier using SiGe technology for fre-
quencies below 200 GHz, but it may become advantageous at
higher frequencies (above 200 GHz), especially when the de-
tector is integrated with an LNA.

The voltage responsivity of the active detector is proportional
to F¢, however the noise voltage is also proportional to F¢
and therefore higher values of collector resistance result in no
improvement in the NEP. Compared with a passive detector,
the active circuit produces //3 times higher noise voltage but it
cannot deliver the expected J times higher voltage responsivity
and therefore may have higher NEP. The active detector shows
higher saturation levels, in this case —20 dBm, and therefore
can be integrated together with an LNA with higher gain and
therefore deliver better temperature resolution.
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