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Abstract—Low-power cryogenic low-noise amplifiers are de-
sired to ease the cooling requirements of ultra-sensitive cryo-
genically cooled instrumentation. In this paper, the trade-off
between power and noise performance in silicon germanium low
noise amplifiers is explored to study the possibility of operating
these devices from low supply voltages. A new small-signal
heterojunction bipolar transistor noise model applicable to both
the forward-active and saturation regimes is developed from first
principles. Experimental measurements of a device across a wide-
range of temperatures are then presented and the dependence of
the noise parameters on collector–emitter voltage is described.
The paper concludes with the demonstration of a high-gain
1.8 to 3.6 GHz cryogenic low noise amplifier achieving a noise
temperature of 3.4 to 5 K while consuming just 290 µW when
operating at 15 K physical temperature.

Index Terms—Cryogenic low noise amplifier, low power, sil-
icon germanium (SiGe) heterojunction bipolar transistor, radio
astronomy

I. INTRODUCTION

C
RYOGENICALLY cooled microwave low-noise ampli-

fiers are a critical component in a number of important

applications requiring very high sensitivity receivers. State-

of-the-art cryogenic LNAs employ InP high-electron mobility

transistors (HEMTs) or silicon germanium (SiGe) heterojunc-

tion bipolar transistors (HBTs) and, when cooled to 15 K phys-

ical temperature, regularly achieve sub-5 K noise temperatures

over the 1 to 10 GHz frequency range (e.g., [1]–[4]). While this

level of performance has been sufficient to enable the success

of many high-impact instruments, limited research has focused

on determining and achieving the fundamental limits for

the power consumption of these amplifiers. Consequentially,

typical cryogenic low noise amplifiers require at least 4 mW

of dc power to operate with nominal performance [2]–[8].

The maximum power that can be consumed by cryogenic

electronics is ultimately limited by the heat removal capabil-

ities of the cooling system, which, for typical closed-cycle

coolers, ranges from hundreds of micro-watts at a physical

temperature of 100 mK [9] to 1.5 W at 4.2 K physical

temperature [10] and 12 W at 20 K physical temperature [11].

Today, there are a number of emerging applications in which

the power dissipation of currently available cryogenic LNAs

places serious constraints on system design. These applica-

tions include THz heterodyne cameras, where IF amplifiers
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are required for large arrays of superconductor-insulator-

superconductor (SIS) [12]–[14] or hot-electron bolometer

(HEB) [15] mixers, microwave quantum computing, in which

large numbers of (potentially multiplexed) qubits must be read

out [16], [17], balloon based instruments, in which the evapo-

ration rate of precious liquid cryogens is directly proportional

to the power dissipation of the cryogenic electronics [18],

and various experiments in fundamental physics, in which

cryogenic amplifiers must be closely interfaced with devices

at milli-kelvin temperatures [19], [20]. For each of these

fields, the development of amplifiers with greatly reduced

power consumption would enable significant advances in the

associated instrumentation.

The noise and small-signal properties of an HBT are a

strong function of the quiescent collector current density (JC),

and the realization of optimum system noise performance

requires biasing a device near the current density associated

with the global minima of its cascaded noise temperature,

TCAS = T0M = Te/ (1− 1/GAV) [4], [21], [22], where T0 =
290 K is the reference temperature, M is the noise measure,

Te is the noise temperature, and GAV is the available gain.

Moreover, in broadband applications, the device periphery is

typically constrained to a relatively narrow range of values

for which the optimum generator resistance is close to 50 Ω.

Therefore, in trying to minimize the power consumption of

HBT based cryogenic LNAs, it is important to determine the

minimum collector–emitter voltage that can be used.

The idea of employing a weakly saturated1 SiGe HBT to

achieve ultra-low power amplification was proposed based

on experimental observations in [23] and an X-band room

temperature LNA running from a 0.5 V supply and con-

suming 2.5 mW was later reported [24]. However, to best

of the authors’ knowledge, no detailed study of the noise

performance of SiGe heterojunction bipolar transistors at low-

VCE has previously been carried out, nor have the theoretical

performance limitations for low VCE operation been reported.

In this paper, the trade-off between noise performance and

collector–emitter voltage is examined over a wide-range of

temperatures and, leveraging the resulting theoretical and

experimental conclusions, a high-gain octave-bandwidth cryo-

genic low-noise amplifier consuming less than 300 µW is

demonstrated. The outline of the paper is as follows:

1) The theoretical implications of operating at low-VCE are

discussed and, based on first principles, a small-signal

1The weakly saturated regime describes the range of collector–emitter
voltages between approximately 0.5 V and the onset of strong saturation.
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noise model is developed.

2) The small- and large-signal terminal characteristics of an

example device are presented as a function of collector–

emitter voltage and the expected impact on noise per-

formance is discussed.

3) The small-signal noise model of an example device

is extracted and the noise parameters are studied as a

function of collector–emitter voltage.

4) A discrete transistor cryogenic LNA is presented and the

measured performance is compared to simulation and

other published cryogenic amplifier results.

II. THEORETICAL NOISE PERFORMANCE OF HBTS AT

LOW VCE

Reducing VCE has three important consequences on device

performance. First, the base–collector junction capacitance

will increase with the narrowing of the base–collector deple-

tion region. This change must be quantified and incorporated

into designs, but is not expected to be detrimental to perfor-

mance at frequencies below fmax/10, where fmax is the max-

imum frequency of oscillation of the transistor. Secondly, as

the device enters the weakly saturated regime, base–collector

diffusion current will result in a further increase in CCB. As

the transistor enters strong saturation, this capacitance will

dominate CCB and will ultimately limit the RF performance

of the device.

The final consequence of operating at low VCE is the

generation of additional shot-noise due to the diffusion of

carriers across the collector–base junction. The impact of this

excess shot noise can be quantified by studying the expressions

for the total base and collector currents:

IB = IBF + IBR, (1)

and

IC = ICF − ICR − IBR, (2)

where IBF and IBR are the base current components flowing

from the base to the emitter and from the base to the collector,

respectively, and ICF and ICR are the forward and reverse

collector current components, respectively. Expressions for

the base and collector shot noise components in the weakly

saturated regime can be readily written from equations (1) and

(2):

|in,b|
2
= 2q (IBF + IBR)∆f = 2qIB∆f, (3)

|in,c|
2
= 2q (ICF + ICR + IBR)∆f = 2qICF

(

2−
IC

ICF

)

∆f,

(4)

and

in,bi∗n,c = −2qIBR∆f. (5)

These expressions are valid in both the forward-active and

saturation regimes and at frequencies well below ft, where

standard shot-noise correlation effects between the forward-

active mode currents are small and can be neglected [25], [26].

A small-signal noise model for a SiGe HBT on a semicon-

ducting substrate is shown in Fig. 1. The model can be used

to describe the performance of modern SiGe HBTs in both
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Fig. 1. General HBT small-signal noise model. In the forward-active mode of
operation, IC = ICF and IB = IBF and the model simplifies to the standard
HBT noise model.

the forward-active and saturation regimes and to frequencies

in the 40 GHz region. While this frequency range is sufficient

for the design of broadband microwave amplifiers, a higher

order model, including base-collector capacitance splitting

and forward-active mode shot noise correlation is required at

millimeter-wave frequencies [27].

Approximate expressions for the noise parameters and as-

sociated gain have been derived in the high dc current gain

limit and for RB ≫ RE and gm ≫ ωCCB. The result-

ing expressions (6)–(10) are in terms of the forward-active

transconductance (gmF), ideality factor (ncF = qICF/gmFkTa),

and dc current gain (βF = ICF/IBF) so that the only param-

eters that depend upon VCE are the unity-current gain cutoff

frequency (ft), IC, IB, CCB, and RB. Of these parameters, RB

is expected to only display a weak dependence on VCE. In the

limiting case of IC = ICF and IB = IBF, these expressions

simplify to the equations corresponding to the forward-active

mode of operation.

Inspection of equations (6)–(10) reveals several mechanisms

through which the noise performance may degrade at low

collector–emitter voltages:

1) The low-frequency value of TMIN is strongly dependent

upon the dc current gain, β = IC/IB. As the device

enters the saturation regime, β is expected to rapidly

decrease, thereby resulting in a sharp degradation to the

noise performance.

2) The high-frequency value of TMIN is proportional to

(f/ft)
√

RB (2− IC/ICF). While RB is not expected to

display a significant dependence on VCE, ft is expected

to drop significantly as the device enters the weakly

saturated regime. Therefore, a rapid rise in the high-

frequency limit of TMIN is anticipated for values of VCE

for which a significant decline in ft is observed.

3) The optimum generator impedance will tend toward a

short circuit as the device enters the deep-saturation

regime due to a sharp rise in base current and the

associated shot noise.

4) The noise resistance, RN, is expected to be independent

of VCE until saturation currents begin to flow, at which

point RN will rapidly rise as IC tends to zero.

5) The associated gain is proportional to ft and inversely

proportional to CCB. Therefore, as the device enters the

weak saturation regime, an increase in CCB and the

related drop in ft will result in a significant drop in



3

TMIN ≈ ncFTa



gmFRB

(

2−
IC

ICF

)(

f

ft

)2

+

√

1

βF

IB

IBF

[

ICF

IC

(

2
ICF

IC

− 1

)

+
2gmFRB

ncF

]

+
2gmFRB

ncF

(

2−
IC

ICF

)(

f

ft

)2



 (6)

ROPT ≈
βF

gmF

√

(1/βF) (IB/IBF) [(ICF/IC) (2 (ICF/IC)− 1) + (2gmFRB/ncF)] + (2gmFRB/ncF) (2− (IC/ICF)) (f/ft)
2

IB/IBF + βF (2− IC/ICF) (f/ft)
2

(7)

XOPT ≈
βF

gmF

ICF

IC

f

ft

2− IC/ICF

(IB/IBF) + βF (2− IC/ICF) (f/ft)
2

(8)

RN ≈
Ta

T0

(

RB +
ncF

2gmF

ICF

IC

(

2
ICF

IC

− 1

))

(9)

GASSOC ≈
ft

f

ncF/2

2πfCCBRB

√

1

βF

IB

IBF

(

ICF

IC

(

2
ICF

IC

− 1

)

+ 2
gmFRB

ncF

)

+ 2
gmFRB

ncF

(

2−
IC

ICF

)(

f

ft

)2

(10)

GASSOC.

From the discussion above, it is evident that the terminal

characteristics of a SiGe HBT can be studied to gain insight

into the dependence of the noise performance on the applied

collector–emitter voltage. In the following section, the dc, ac,

and intermodulation characteristics of a representative HBT

are reported.

III. TERMINAL CHARACTERISTICS AT LOW-VCE

An 18 × 0.12 µm2 IBM BiCMOS8HP2 transistor was

characterized at 7, 77, and 300 K using a cryogenic wafer

probe station. Measurements of the dc characteristics were

carried out with the transistor terminated at RF to prevent

oscillation. Scattering parameters were measured from 0.01 to

67 GHz using an Agilent N-5247A vector network analyzer.

Parasitic effects related to the bondpads and feed-lines were

removed using a pad/open/short de-embedding algorithm [28].

From previous studies, it is known that the nominal bias point

for low-noise SiGe microwave amplifiers lies in the range of

0.1 to 2 mA/µm2 [4]. Therefore, the range of current densities

presented here was selected within this range.

A. DC Characteristics

The base and collector current densities of the device

were measured as a function of VCE for fixed VBE. Example

measurement results appear in Fig. 2. These bias points cover

an order of magnitude of current densities ranging from low- to

medium-injection. The collector current demonstrated a transi-

tion from saturation to the forward-active region for collector

voltages in the 50 to 100 mV range. Slight to moderate slopes

were observed in the forward-active region at all temperatures,

indicating a dependence of JCF on VCE through the Early

Effect [29], [30]. While this is expected to have only a small

effect for current densities below 0.5 mA/µm2, the dependence

2While this technology was chosen due to its maturity, measurements of
devices from other advanced technology platforms (e.g., TowerJazz SBC18H3
and ST BiCMOS9MW) indicate that the general results apply to other
aggressively scaled SiGe HBTs.
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Fig. 2. Collector/base current densities as a function of collector-emitter
voltage at 300 K (left), 77 K (center), and 7 K (right).

of JCF on VCE should be considered when modeling the noise

performance using (4). For subsequent discussion, the variable

JCF0 is used to represent the value of the forward collector-

current density at VCB = 0 V.

At each temperature, the base current exhibited a clear

transition from forward-active mode operation to saturation as

the base–collector junction became forward biased. The onset

of reverse base current occurred for base-collector voltages

in the range of 100–150 mV below the applied base–emitter

voltages, which is explained by the high Ge content at the

collector edge of the base and the comparatively lighter doping

of the intrinsic collector, both of which contribute to a lower

built-in potential across the base-collector space-charge region

(SCR) in comparison to that of the base–emitter SCR. An

interesting feature is that the sharpness of base-collector junc-

tion turn-on demonstrated a strong temperature dependence,

with significantly larger deep-saturation base currents flowing

at cryogenic temperatures.

B. AC Terminal Characteristics

The de-embedded scattering parameters of the 18 ×
0.12 µm2 SiGe HBT were obtained over a wide range of biases

and used to find the unity current gain cutoff frequency and
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Fig. 3. Unity current gain cutoff frequency/maximum frequency of oscillation
versus collector–emitter voltage at 300 K (left), 77 K (center), 7 K (right). Data
plotted for JCF0 equal to 0.22 mA/µm2 ( ), 0.46 mA/µm2 ( ),
0.92 mA/µm2 ( ), and 1.67 mA/µm2 ( ).

the maximum frequency of oscillation as a function of VCE.

The base–emitter voltage was held constant during the sweeps.

Example results are shown in Fig. 3. The bias points for these

data correspond to those shown in Fig. 2. For a fixed value

of JCF0, a significant enhancement of ft was observed with

cryogenic cooling. This result is consistent with previously

reported results [4], [31]–[33] and is explained by an improved

transconductance at cryogenic temperatures. In the forward-

active mode of operation, the ft curves exhibit a positive

slope which can be explained by the dependence of CCB on

VCB. In comparison to the dc terminal characteristics, the knee

voltage for the ft curves demonstrate a significantly stronger

dependence on collector current density. This relationship is

explained by the increased base voltage required to support

a larger current density, resulting in a proportionally larger

base–collector voltage.

A significant increase in the maximum frequency of os-

cillation was also observed with cryogenic cooling (Fig. 3).

Again, a slope was observed in the forward-active region of

the curves due to an increase in CCB as the base-collector

voltage increased. The observed knee voltage was found to

be weakly dependent on temperature and, as expected, was

proportional to JCF0.

C. Non-linearity

The impact of low-VCE operation on dynamic range is an

important consideration for devices used in practical low-noise

amplifiers, which often must operate over a wide range of input

signal amplitudes. The 50 Ω output-referred third-order inter-

modulation intercept (OIP3) of the 18×0.12 µm2 SiGe HBT

was measured as a function of current density and collector–

emitter voltage at 7, 77, and 300 K and example results

appear in Fig. 4. At low-current densities, the non-linearity

was only weakly dependent upon the collector–emitter voltage,

provided the device was in the forward-active region. However,

when the device was biased towards the medium-injection

region, corresponding to collector current densities above

1 mA/µm2, a significant degradation to linearity was observed

for collector–emitter voltages as high as 400 mV.
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Fig. 4. Output-referred third-order inter-modulation intercept at 300 K
(left), 77 K (center), and 7 K (right). Measurement data taken at 3 GHz
and referenced to the bondpads of the test structure. The general behavior
is only weakly frequency dependendent. Data plotted for JCF0 equal to
0.22 mA/µm2 ( ), 0.46 mA/µm2 ( ), 0.92 mA/µm2 ( ),
and 1.67 mA/µm2 ( ).

D. Discussion

Based upon the results presented in Sections III-A–III-C,

the following general conclusions can be made:

• From an aggregate analysis of dependence of the terminal

characteristics on the collector–emitter voltage, it appears

feasible to operate SiGe HBTs in the low-injection region

with collector–emitter voltages on the order of 100 to

200 mV without degradation to any of the terminal

characteristics.

• In general, as the current density is increased towards

the medium-injection regime, a larger collector-emitter

voltage is required to maintain nominal performance.

• Even in the medium-injection regime, it appears to be

possible to operate with collector–emitter voltages on the

order of 200 mV if linearity is not critical.

IV. DEPENDENCE OF NOISE PERFORMANCE ON VCE

For an HBT to be used in a robust low-noise amplifier, its

noise parameters should be insensitive to the applied collector–

emitter voltage. Therefore, the minimum permissible value

of VCE for a device targeted for a low-noise application is

ultimately determined by the range of voltages for which the

noise parameters and associated gain are stable. Conceptually,

this range corresponds to that within which the variables

appearing in equations (6)–(10) are insensitive to VCE. From

the results presented in Section III, it is clear that this range is

dependent upon current-density and extends as low as 100 mV

for bias points corresponding to the low-injection regime.

To validate this intuition, the full noise model (see Fig. 1)

was extracted as a function of both collector current density

and collector–emitter voltage. These experimentally based

models were then used to study the noise parameters and

associated gain.

A. Noise Model Extraction and Verification

The small-signal model parameters were extracted across a

wide range of current densities and collector–emitter voltages

using standard parameter extraction techniques. Specifically,

the emitter and collector resistances were determined using

the open-collector method [34], the collector-substrate and

base–collector capacitances were found using cold-bias mea-

surements [35], and the remaining parameters were found

using active-bias measurements [35], [36]. The complete set
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of extracted model parameters appear for selected bias points

in Table I. In all cases, the bias dependence of the parameters

was consistent with expectation.

Example plots comparing the de-embedded 7 K measure-

ments with extracted models appear in Fig. 5. Excellent

agreement was observed between the modeled and measured

scattering parameters over a wide range of bias conditions.

Similar agreement was observed at both 77 and 300 K. For

verification of the noise model, the 50 Ω noise figure of the

HBT in the saturation regime was measured at room tempera-

ture using an Agilent N-5247A vector network analyzer with

the vector-corrected cold source method [37]. A comparison

of the measured and modeled noise figure results, referenced

to the test structure bondpads, appears in Fig. 6. Excellent

agreement was observed between the predicted and measured

50 Ω noise performance for values of VCE as low as 50 mV.

B. Noise Parameters

Using the complete noise model of Fig. 1, the noise pa-

rameters were computed using standard techniques [38] over

a wide range of bias and at 7, 77, and 300 K.

1) Minimum Noise Temperature: The minimum noise tem-

perature is plotted as a function of frequency in Fig. 7 and

as a function of VCE in Fig. 8. By cooling the transistor from

300 K to 7 K, the minimum noise temperature in the forward-

active regime improved by a factor of approximately 15. This

improvement is consistent with previously reported results [4],

[22]. As expected, the minimum noise temperature was nearly

independent of VCE until the device became weakly saturated.

It is also interesting to note that, in the saturation regime, a
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much sharper degradation was observed at cryogenic tempera-

tures in comparison to at room temperature. This is related to a

significantly sharper collapse in the saturation mode dc current

gain and unity current gain cutoff frequency at cryogenic

temperatures.

2) Optimum Generator Impedance: The optimum generator

resistance and reactance are plotted as a function of VCE in

Figs. 9 and 10. As predicted in Section II, both ROPT and

XOPT were found to have only weak dependence upon VCE

in the forward-active regime and to rapidly decrease in the

saturation regime. The saturation-mode behavior was found to

be more extreme in the case of cryogenic operation due to the

increased base current.

3) Noise Resistance: The degradation in the noise perfor-

mance of an amplifier designed for operation in the forward-

active mode but operated in saturation will be even greater

than that of TMIN since the optimum generator impedance

depends on VCE. The magnitude of this effect depends upon

the behavior of the noise resistance as a function of VCE.

RN, is plotted at 1 GHz and 10 GHz as a function of

VCE in Fig. 11. From (9), the forward-active value of RN

is expected to be frequency independent and proportional

to the physical temperature. These expectations are clearly

confirmed by Fig. 11. Moreover, since the base resistance

is insensitive to VCE, the noise resistance is expected to be

independent of collector–emitter voltage until the device enters

deep-saturation. Referring to Fig. 11, this expectation is also

confirmed as RN is constant for those values of VCE where
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TABLE I
EXTRACTED MODEL PARAMETERS AT SELECTED BIAS POINTS

Ta = 7 K RE = 1.7 RC = 6.7

VCE JCF JC JBF JB RB rbe rce gm CBE CCB CCS τ

1.00 0.22 0.22 3.9e-5 3.9e-5 10.6 227k 43k 34 51 13 2 0.8
0.20 0.20 0.20 3.9e-5 4.1e-5 10.2 222k 43k 31 51 14 2 0.9
0.15 0.20 0.20 3.9e-5 4.4e-5 10.4 210k 43k 31 51 14 2 0.9
0.10 0.20 0.20 3.9e-5 5.0e-5 11.4 151k 43k 31 56 16 2 1.1
1.00 0.47 0.47 7.2e-5 7.2e-5 12.5 121k 14k 65 60 13 2 1.0
0.20 0.41 0.41 7.2e-5 7.2e-5 12.3 136k 14k 59 60 15 2 1.0
0.15 0.41 0.41 7.2e-5 7.3e-5 12.5 121k 14k 59 62 15 2 1.1
0.10 0.40 0.40 7.2e-5 9.3e-5 15.4 41k 14k 56 79 21 2 1.5
1.00 0.92 0.92 1.3e-4 1.3e-4 15.3 52k 6k 116 74 13 2 1.1
0.20 0.77 0.77 1.3e-4 1.3e-4 14.7 76k 6k 104 75 15 2 1.3
0.15 0.76 0.76 1.3e-4 1.3e-4 15.8 60k 6k 102 83 17 2 1.4
0.10 0.76 0.75 1.3e-4 3.2e-4 15.6 7k 1k 86 156 53 2 1.8
1.00 1.65 1.65 2.6e-4 2.6e-4 18.1 19k 3k 188 92 13 2 1.2
0.20 1.34 1.34 2.6e-4 2.6e-4 17.7 28k 3k 156 102 17 2 1.5
0.15 1.32 1.32 2.6e-4 2.6e-4 19.0 19k 3k 154 134 24 2 1.8
0.10 1.30 1.24 2.6e-4 2.1e-3 19.4 0.3k 0.3k 116 535 244 2 1.9

Ta = 77 K RE = 1.7 RC = 7.3

VCE JCF JC JBF JB RB rbe rce gm CBE CCB CCS τ

1.00 0.22 0.22 4.4e-5 4.4e-5 9.5 205k 82k 21 43 13 5 0.5
0.20 0.20 0.20 4.4e-5 4.6e-5 9.3 201k 82k 20 43 18 6 0.5
0.15 0.20 0.20 4.4e-5 4.6e-5 9.5 186k 82k 20 44 19 7 0.6
0.10 0.20 0.20 4.4e-5 5.6e-5 10.0 153k 82k 20 45 21 7 0.6
1.00 0.46 0.46 8.3e-5 8.3e-5 11.4 106k 22k 42 49 13 5 0.6
0.20 0.43 0.43 8.3e-5 8.3e-5 11.0 116k 22k 40 50 18 6 0.6
0.15 0.42 0.42 8.3e-5 8.8e-5 11.0 112k 22k 40 50 19 7 0.6
0.10 0.42 0.42 8.3e-5 1.0e-4 12.1 66k 22k 39 57 26 7 0.8
1.00 0.98 0.98 1.6e-4 1.6e-4 13.4 52k 7k 77 59 13 5 0.6
0.20 0.78 0.78 1.6e-4 1.6e-4 13.2 67k 7k 70 59 19 6 0.7
0.15 0.77 0.77 1.6e-4 1.6e-4 13.2 63k 7k 70 63 20 7 0.7
0.10 0.76 0.76 1.6e-4 2.5e-4 16.5 15k 2k 65 100 49 7 1.0
1.00 1.65 1.65 3.2e-4 3.2e-4 16.2 22k 3k 130 73 13 5 0.7
0.20 1.37 1.37 3.2e-4 3.2e-4 15.3 37k 3k 115 76 19 6 0.8
0.15 1.35 1.35 3.2e-4 3.2e-4 16.6 26k 3k 110 96 26 7 1.0
0.10 1.33 1.32 3.2e-4 9.3e-4 17.1 3k 0.5k 89 319 208 7 2.0

Ta = 300 K RE = 2.6 RC = 10.2

VCE JCF JC JBF JB RB rbe rce gm CBE CCB CCS τ

1.00 0.22 0.22 4.6e-4 4.6e-4 8.6 43k 110k 8 35 13 6 0.5
0.20 0.21 0.21 4.6e-4 4.6e-4 7.3 45k 56k 8 35 19 7 0.5
0.15 0.21 0.21 4.6e-4 4.6e-4 7.3 43k 22k 8 35 21 8 0.5
0.10 0.21 0.21 4.6e-4 5.6e-4 7.0 37k 5k 8 35 25 8 0.5
1.00 0.46 0.46 1.1e-3 1.1e-3 9.7 20k 32k 17 40 13 6 0.5
0.20 0.44 0.44 1.1e-3 1.1e-3 8.4 22k 16k 16 39 19 7 0.5
0.15 0.44 0.44 1.1e-3 1.1e-3 8.2 20k 9k 16 39 22 8 0.5
0.10 0.44 0.42 1.1e-3 1.5e-3 7.8 18k 2k 16 39 30 8 0.6
1.00 0.94 0.94 2.2e-3 2.2e-3 11.2 10k 10k 33 48 14 6 0.5
0.20 0.86 0.86 2.2e-3 2.2e-3 9.5 12k 7k 31 46 21 7 0.6
0.15 0.85 0.85 2.2e-3 2.2e-3 9.3 11k 3k 30 45 25 8 0.6
0.10 0.85 0.81 2.2e-3 2.6e-3 8.7 8k 0.8k 29 45 41 8 0.6
1.00 1.68 1.68 3.5e-3 3.5e-3 13.4 7k 4k 57 58 14 6 0.5
0.20 1.46 1.46 3.5e-3 3.5e-3 11.0 8k 2k 51 54 18 7 0.6
0.15 1.44 1.44 3.5e-3 3.5e-3 10.4 8k 1k 50 54 31 8 0.7
0.10 1.43 1.35 3.5e-3 4.1e-3 9.4 4k 0.2k 46 55 67 8 0.8

Units–Voltage: V, Current: mA/µm2, Resistance: Ω · µm2, Conductance: mS/µm2, Capacitance: fF/µm2, Delay: ps.
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negligible reverse currents flow. However, as the device enters

deep saturation, a rapid increase in RN was observed due

to the associated drop in IC. Coupled to the rapid drop in

ZOPT, this implies that the noise temperature of an amplifier

designed for operation in the forward-active mode will rapidly

deteriorate if operated well-into saturation. Fortunately, ex-

perimental measurements indicate that this behavior can be
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Fig. 12. Associated gain at 1 GHz and 10 GHz for physical temperatures of
(left) 300 K, (center) 77 K, and (right) 7 K. Data plotted for JCF0 equal to
0.22 mA/µm2 ( ), 0.46 mA/µm2 ( ), 0.92 mA/µm2 ( ),
and 1.67 mA/µm2 ( ).

avoided by operating the transistors with VCE greater than

100 to 200 mV, where the exact threshold depends upon the

operational collector current density.

4) Associated Gain: The associated gain was also deter-

mined as a function of collector–emitter voltage and exam-

ple results appear in Fig. 12. At each temperature, GASSOC

is nearly constant for values of VCE above approximately

200 mV. Since the observed forward-active values of GASSOC

are well above 10 dB, these results indicate that TMIN ≈
TCAS,min, where TCAS,min is the minimum cascaded noise

temperature as a function of generator impedance. Since the

minimum cascaded noise temperature quantifies the system

noise performance that is achievable by an amplifier with

no passive losses, this means that it is practical to realize a

high-gain cryogenic amplifier with performance approaching

TMIN [22].

As the device entered the saturation regime, a rapid decline

in GASSOC was observed. As discussed in Section II, this effect

is related to an increase in CCB and a decrease in ft as the

device becomes saturated and is therefore more pronounced

for devices operating at cryogenic temperatures.

C. Discussion

Based upon the overall sensitivity of the noise parameters

and associated gain to VCE, the following broad statements can

be made:

• The noise parameters and associated gain displayed little

dependence upon VCE provided that the device was in

the forward-active region of operation. Depending upon

the operational current density, the minimum collector–

emitter voltage required to keep the HBT in the forward-

active mode was in the range of 100 to 200 mV. Thus, it

appears feasible to achieve optimum noise performance

while operating with such values of VCE.

• All of the noise parameters deteriorate in the saturation

regime. That is, TMIN and RN increase, whereas ZOPT and

GASSOC shrink. This will result in a significant increase

in the noise temperature of an amplifier operated in

deep-saturation. Thus, it is wise to set the operational
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Fig. 13. Schematic diagram of demonstration amplifier. Discrete transistors
fabricated in the IBM BiCMOS8HP process were used. All inductors were
realized using bond wires. The 1 µF capacitors were realized using thick-
film surface mount devices, whereas all other capacitances were implemented
with thin-film bond-able metal-insulator-semiconductor capacitors. Standard
surface mount resistors were employed for biasing and damping purposes.

Fig. 14. Photographs of (a) the assembled LNA module and (b) the first stage
transistor (Q1). The transistors were mounted in a cutout in the pcb for well
controlled wirebond lenghts. The dark regions in (b) are the printed circuit
board.

point a bit above the threshold of saturation to improve

robustness.

V. PROOF-OF-CONCEPT LOW NOISE AMPLIFIER

A two-stage 1.8 to 3.6 GHz amplifier was designed leverag-

ing the small-signal noise models presented in Section IV. A

schematic diagram of the amplifier appears in Fig. 13. The

circuit was fabricated in a hybrid approach using discrete

transistors fabricated in the IBM BiCMOS8HP technology

platform. Photographs of the amplifier module and a close-

up of one of the discrete transistors appear in Fig. 14.

The noise and small-signal performance of the amplifier

were evaluated at 15 K physical temperature in a closed-

cycle cryostat that is configured to measure the noise and

small-signal performance of cryogenic amplifiers. A block

diagram of the cryostat appears in Fig. 15. The gain and

noise were measured using channel A of the cryostat, which

is configured to support the cold attenuator method [39]. The

cryogenic noise measurement system has been calibrated to a

measurement accuracy that is believed to be better than ±1 K.

The reference plane for these measurements was at the coaxial

terminals of the amplifier. Input and output return losses were

measured using channel B of the cryostat, with the calibration

referenced to the coaxial feedthroughs at the cryostat wall.

Initial measurements were made at the amplifier’s nominal

bias point of VCC1 = VCC2 = 200 mV, IC1 = 0.75 mA, and

IC2 = 0.68 mA. The corresponding power consumption was

below 290 µW. The measured gain and noise performance of

–20 dB

CHANNEL A

CHANNEL B

15K

DUT

DUT

IN
A

IN
B

OUT
A

OUT
B

Fig. 15. Cryostat block diagram. Everything within the dashed box is heatsunk
to the 15 K cold plate using indium foil and OFHC copper heat straps.
Channel A was used to measure the gain and noise temperature using a noise
figure analyzer. Channel B was used for scattering parameter measurements.
Temperature sensors were mounted on the DUT and attenuator.

the amplifier is plotted alongside the predicted performance

in Fig. 16(a). The gain was greater than 27 dB and the noise

temperature was between 3.4 and 5 K over the entire 1.8

to 3.6 GHz frequency range. These data were also found

to be consistent with those predicted by simulation. The

reflection coefficients were measured and results appear in

Figs. 16(b) and (c). Good agreement between measurement

and simulation was observed. A small discrepancy in the

output return loss at higher frequencies is explained by the fact

that the measurement was referred to the coaxial feedthrough

at the cryostat wall and therefore included the losses of a long

output cable3.

To confirm the results presented in Section IV, the noise and

gain of the amplifier were measured as a function of VCC1 =
VCC2 = VCC, while VB1 and VB2 were held at their nominal

values. Measurement and simulation results are plotted in

Fig. 17 at 2.5, 3.0, and 3.5 GHz. In each case, the gain and

noise were insensitive to VCC until the supply voltage reached

a value of approximately 125 mV. This corner corresponds to

a power dissipation of less than 180 µW and is considerably

below the nominal power consumption of 290 µW. Moreover,

the excellent agreement between simulation and measurement

offers strong support of the theoretical performance limitations

discussed in Sections II and IV.

The measured performance is compared to state-of-the-art

cryogenic amplifier results in Table II. In comparison to other

published results, the proof-of-concept amplifier has compara-

ble gain and noise performance. However, by operating with

VCC = 200 mV, the power consumption of the amplifier is

nearly an order of magnitude lower than the closest published

result4.

VI. CONCLUSIONS

It has been shown that SiGe HBTs can operate with

collector–emitter voltages in the range of 200 mV with little

3A considerably shorter input cable was employed, so this effect was not
as pronounced in the S11 measurement.

4It should be recognized that the frequency range of the reported amplifier
is lower than that of several of the amplifiers shown in Table II. However,
based on the results of Section IV, it should be feasible to achieve similar
performance at frequencies up to 10 GHz while requiring little additional
power.
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Fig. 16. Amplifier performance at 290 µW power consumption and at 15 K physical temperature. (a) Gain and noise temperature, (b) input reflection
coefficient, and (c) output reflection coefficient. ( )-measurement, ( )-model.

TABLE II
STATE-OF-THE-ART CRYOGENIC LOW NOISE AMPLIFIERS

Technology fRF S21 Ta Te PDC

- (GHz) (dB) (K) (K) (µW)

[2] InP HEMT 4–8 40 6 2.1 4,000
[40] InP HEMT 1–12 > 37 12 4–8 15,000

[1] InP HEMT† 4–8 44 10 1–2 4,200

[41] InP HEMT† 4–8 > 27 15 1.7 3,000
[3] SiGe HBT 0.1–5 > 30 15 4–5 20,000

[42] SiGe HBT 0.3–5 15–18 4 8–17 2,000
[42] SiGe HBT 0.3–8 18–25 19 6–12 8,200
[43] SiGe HBT 0.3–4.5 > 30 17 3.5–5 4,900

[44] SiGe HBT† 0.1–0.5 > 22 24 6 2,000
This work SiGe HBT 1.8–3.6 >27 15 3.4–5 290

†While lower power consumption were reported in these articles, the power

savings came at a significant drop in performance (i.e., gain and/or noise).

The numbers reported here are limited to those in which the performance was

insensitive to dc power.

to no impact on the noise and small-signal performance. As

a proof-of-concept, a cryogenic amplifier was demonstrated

with nearly an order-of-magnitude lower power consumption

compared to the state of the art. The demonstrated power

savings are expected to translate to a large increase in the

scalability of cryogenically cooled scientific instruments that

require microwave amplifiers. For instance, the measured

power consumption of just 290 µW is sufficiently low to en-

able a practical 1,000 element dual-polarization THz receiver

system—complete with 2,000 IF amplifiers—to be cooled

using a single 1.5 W capacity 4.2 K coldhead. While the

bandwidth of the demonstration amplifier was limited to an

octave due to the use of purely reactive tuning networks,

ultra-low power amplifiers achieving much wider bandwidths

can also be realized using resistive loading and capacitively

coupled feedback, albeit at a small increase in DC power

consumption due to IR drops across the load resistors. Logical

next steps include the development of ultra-low power SiGe

cryogenic low-noise amplifiers with improved bandwidth as

well as the design and implementation of integrated circuit

amplifiers.
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Fig. 17. Noise temperature and gain of ultra-low-power amplifier as a
function of VCC = VCC1 = VCC2 at 15 K physical temperature and at
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