
 

 

 

Abstract— This paper describes the development and 

characterization of a millimeter-wave (mmW) integrated noise 

source development on silicon technology for applications up to 

260 GHz. The developed integrated noise source is based on PN 

and Schottky junction in series, realized on the SiGe BiCMOS 55 

nm technology from STMicroelectronics. Biased in the avalanche 

regime This integrated diode noise source achieves a tunable 

Excess Noise Ratio (ENR) ranged between 0 dB and 15 dB mA, in 

the 130 GHz to 260 GHz frequency range. In order to highlight the 

usefulness of the integrated noise source, the noise figure of two 

amplifiers was measured: the first one, is an integrated low noise 

amplifier (LNA) operating in D-band (130 GHz – 170 GHz) while 

the second one is packaged and operates from 220 GHz to 260 

GHz. Due to its ability to be naturally integrated on silicon, this 

noise source features a strong interest to carry out high frequency 

in-situ noise characterization of advanced Si CMOS or BiCMOS 

technologies in the mmW range. 

 
Index Terms—Integrated noise source, in-situ noise 

characterization, millimeter-wave. 

I. INTRODUCTION 

OWADAYS, advances in the industry of micro and nano 

technologies lead to the possibility of manufacturing high 

data rate communication systems with large operational 

bandwidth. In the meantime, a strong interest to integrate such 

systems has emerged over the past years. The operating 

frequency of transistors in circuits has increased due to their 

outstanding maximum oscillation frequency (𝑓𝑚𝑎𝑥), now higher 

than 370 GHz [1]-[2]. This allows the design of systems having 

high bandwidth and thus able to address applications with better 

performance such as high resolution in the context of imaging 

and radar systems, and high data rate wireless communications. 

The design of such complex systems requires accurate and 

reliable electrical models of active devices like MOS or bipolar 

transistors. These linear/nonlinear models are extracted and 

validated through high frequency (HF) measurements, 

performed when the device operates under small or large signal 
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conditions. HF noise characterizations are obviously required 

to extract the device noise model. 

Usually, these models are based on measurements below 110 

GHz and are extrapolated beyond. Thus, HF measurement 

above 110 GHz are of utmost importance for the validation of 

such models used to design circuit in the millimeter-wave 

(mmW) frequency range and to extract the performance of these 

circuits. In this context, when noise characterization is 

performed for frequencies higher than 110 GHz, several critical 

points have to be taken into account.  

First, the maximum reflection coefficient (Γ𝑆) provided by 

the impedance tuner should surround the noise optimal source 

reflection coefficient impedance (opt) of the transistor, 

allowing an extraction of its four noise parameters by the 

resolution of Lan algorithm. Beyond 75 GHz, a commercial 

external impedance tuner is available, but the waveguide and 

the HF probe allowing to connect the external tuner to the on-

wafer device under test (DUT) feature important losses, which 

significantly limits the maximum reflection coefficient value. 

This constraint motivated the development of in-situ tuners in 

the B9MW, B5T and B55 SiGe STMicroelectronics 

technology, integrated closer to the DUT. In W-band [3], an 

active impedance tuner was used to extract the noise parameters 

of a heterojunction bipolar transistor (HBT) using Y-factor 

measurement. In D-band, investigations were done using 

passive impedance tuners [4], [5] and the cold method [6]. An 

active tuner designed in the BiCMOS 55 nm technology was 

also developed to increase measurement accuracy [7]. 

The second critical point for HF noise characterization above 

110 GHz concerns the minimum detectable signal (MDS) 

condition, related to the noise figure of the noise receiver 

(RCV), adding a margin of 3 dB. As a result, there is enough 

sensitivity when the noise power injected at the input of the 

RCV is greater than the MDS level. The noise performance of 

the receiver is directly limited by the commercial availability of 

its constituent elements, including HF isolator and down 

frequency mixer. In this paper, two receivers were used; the first 
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one operates in the 130 GHz - 170 GHz frequency range. While 

the second one, recently developed, addresses the 170 GHz to 

260 GHz frequency range. These receivers feature a noise 

figure around 8 and 11 dB, respectively. 

The last critical point is the non-availability of a commercial 

noise source above 220 GHz. HF noise source with an adequate 

output noise power level is thus required to perform such 

characterization. III-V Schottky diodes [8] and uni-travelling 

carrier photodiodes (UTC-PD) [9] have already been used as 

noise sources to carry out reliable characterizations in the mmW 

range, but these devices are not compatible with silicon 

integration processes. Other works have been carried out on 

silicon integrated noise source in centimeter wave range [10]-

[11]; the related applications for these works were radiometer 

integrated on system-on-chip (SoC) and built-in self-test 

(BIST). In order to overcome this constraint, an original test 

structure based on an integrated diode noise source using the 

STMicroelectronics BiCMOS 55 nm technology has been 

developed, which constitutes the main motivation of this work. 

The BiCMOS 55 nm diode based integrated noise test 

structure is presented in the next section. Then, the noise 

characterization of the noise receivers used for noise 

measurement up to 260 GHz is presented in section III. The on-

wafer excess noise ratio extraction is presented and discussed 

in section IV. And finally, the use of developed integrated noise 

source is validated by the integrated low noise amplifier (LNA) 

characterization in D-band and packaged amplifier 

characterization in 220 GHz to 260 GHz frequency range, in 

section V and VI, respectively. 

II. INTEGRATED NOISE SOURCE 

Two points strongly motivated the on-wafer noise source 

design. Firstly, as earlier stated, the unavailability of 

commercial solid-state noise sources above 220 GHz, and 

secondly the measurement and extraction accuracy. 

Consequently, in the case of on-wafer noise characterization, 

on-wafer noise sources offer real advantage over external solid-

state noise sources: their effective ENR is directly known in the 

on-wafer device input plane, therefore, noise de-embedding of 

elements between the bench-top noise source and the on-wafer 

device input is not necessary thus subsequent inaccuracies are 

avoided [12]. Literature relates several on-wafer noise source 

solutions using an IMPATT diode [13] or a Schottky diode [8]. 

Such solid-state noise sources generate high noise power levels 

when operating in their avalanche regime (biased at their 

breakdown voltage) [14]. Thus, an integrated silicon diode 

provides a convenient solution to HF noise generation.  

A. Integrated Diode on BiCMOS 55 nm Technology 

A cross-section of the diode used as an integrated noise 

source is shown in Fig. 1. The device is a PN junction diode in 

series with a Schottky contact on the anode side. This Schottky 

contact is formed by silicidation (Co-Si) of exposed silicon (P-

type) surface between the two shallow trench isolation (STI) 

regions. The PN junction is formed between a P-type silicon 

region and high doped N type silicon region (Nsinker and N+). 

This high doping access allows a low-resistance link to the 

cathode from the silicide contact on the silicon surface. The STI 

prevents electrical shorts between cathode and anode contacts, 

and a deep trench isolation provides perimeter isolation from 

the substrate and between the devices. A P-type ground guard 

ring (P+ plug) is surrounding the device in order to delimitate 

the substrate area. 

 

 
Fig. 1.  Cross section Layout of the diode. 

A top view of the diode layout is shown in Fig. 2. The diode 

design is performed by interdigitated cathode and anode 

fingers. The used diode (L10 N2) is composed of two anode 

fingers and three cathode fingers, the length and width of each 

finger are 9 µm and 0.38 µm, respectively. 

 
Fig. 2.  Top view of the diode layout. 

 
Fig. 3   I-V characteristic of the used diode. 

Due to its low junction capacitance, this diode can be used as 

a HF noise source when it is reverse biased in avalanche regime. 

The noise generated by the diode has the form of a white noise 

signal covering a wide frequency bandwidth. The diode is 

reverse biased using a DC current source and the corresponding 

voltage is checked. The I-V curve in Fig. 3 shows the reverse 

voltage with an avalanche region close to -6 V. 
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III. MILLIMETER WAVE NOISE RECEIVER 

A.  Noise Receiver Topology 

The noise receiver is an important block in a HF noise 

measurement system. The typical block diagram of a noise 

receiver structure is depicted in Fig. 4. The receiver is used as a 

frequency down converter from a high frequency band (RF) to 

an intermediate (IF) frequency band, corresponding to the input 

frequency range of the noise figure meter (NFM), between 10 

MHz and 1.6 GHz. The down converted noise power is 

measured by a HP 8970 NFM. Usually the RCV performs a 

double sideband (DSB) down conversion. Thus, the upper and 

lower side band (USB and LSB) are converted to the same 

intermediate frequency. 

 
Fig. 4.  Typical block diagram of a noise receiver structure. 

The noise receiver consists of a sub-harmonic mixer (SHM) 

used as a down converter. The local oscillator (LO) chain drives 

the conversion at half of the RF frequency and is composed of 

an amplifier followed by a frequency multiplier to increase the 

frequency up to the LO frequency range and an isolator to 

match the LO port and maintain its performances. The input of 

the RF mixer is isolated from the previous stage using an 

isolator, which is important to minimize any reflected signal 

from flowing back to the circuit, therefore enhancing the 

impedance matching between the mixer and the previous stage. 

The IF output signal is followed by an LNA to mask losses 

between IF output and the NFM input and suppress the noise 

contribution of the NFM. The manual of the NFM specifies the 

measurement bandwidth as 4 MHz around the NFM operating 

frequency. 

In this study, the noise measurements were carried out over a 

130 GHz bandwidth (130 GHz to 260 GHz), which justifies the 

use of two noise receivers. Fig. 5 shows photographs of the two 

receivers used for the noise measurements. Frequency 

properties of both receivers are reported in Table I. 

 
TABLE I 

FREQUENCY PROPERTIES OF THE NOISE RECEIVERS 

Receiver 
FRF 

(GHz) 

FLO 

(GHz) 

FIF 

(GHz) 

FPSG 

(GHz) 

LO multiplier 

chain factor 

WR06 130-170 65-85 0.03 32.5-42.5 2 

WR04 170-260 85-130 1 28.3-43.3 3 

 

 
Fig. 5.  Photographs of noise receiver structures in (a) D-band (130 GHz to 170 

GHz), and (b) WR04 (170 GHz to 260 GHz) frequency ranges. 

B.  “Hot/Cold” Noise Calibration 

As stated earlier, the MDS condition is directly related to the 

noise figure of the receiver (NFRCV). In order to calibrate the 

noise receiver, measurements were carried out using the 

hot/cold method. To our best knowledge, there are no 

commercially available active noise sources above 220 GHz. 

Fig. 6 shows the block diagram of the setup used in order to 

perform the hot/cold noise measurement method.  

 
Fig. 6.  Block diagram of the setup used in order to perform the hot/cold 

measurement method. 

The measurement procedure is carried out using the NFM, 

measuring the (down-converted) noise power at the noise 

receiver output, and is composed of two steps: first, the 

measurement of the hot noise power (𝑃𝐻𝑂𝑇) and second, the 

measurement of the cold noise power (𝑃𝐶𝑂𝐿𝐷). The noise power 

𝑃𝐻𝑂𝑇  and 𝑃𝐶𝑂𝐿𝐷 (in NFM planes, see Fig. 3) are measured using 

an absorber in front of a horn antenna successively held at two 

physical temperatures, 𝑇𝐻𝑂𝑇  and 𝑇𝐶𝑂𝐿𝐷, respectively. In our 

case, 𝑇𝐶𝑂𝐿𝐷 corresponds to the physical temperature of the 

absorber when held at 77 K using liquid nitrogen, and 𝑇𝐻𝑂𝑇  

corresponds to the physical temperature of the absorber at 

ambient temperature. For all measurement configurations, the 

temperature of the absorber is measured using a thermo-

resistor.  
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First, the equivalent noise temperature (𝑇𝑡𝑜𝑡) and the noise 

factor (𝐹𝑡𝑜𝑡) for all elements between the noise source and the 

NFM are extracted using the Y-factor method (1-3). The Y-

factor is determined as the ratio of the two measured noise 

powers (𝑃𝐻𝑂𝑇 and  𝑃𝐶𝑂𝐿𝐷) using (1). After 𝐹𝑡𝑜𝑡 calculation using 

(2) and (3) the FRCV is determined, knowing the noise factors 

(𝐹1and 𝐹2) and gains (𝐺1and 𝐺2) of each passive device located 

between the source and the NFM. The noise factor of the 

receiver is extracted using FRIIS formula expressed by (4).  

 

 
𝑌 =

𝑃𝐻𝑂𝑇
𝑃𝐶𝑂𝐿𝐷

 (1) 

 

 
𝑇𝑡𝑜𝑡 =

𝑇𝐻𝑂𝑇 − 𝑌. 𝑇𝐶𝑂𝐿𝐷
𝑌 − 1

 (2) 

 

 
𝐹𝑡𝑜𝑡 = 1 +

𝑇𝑡𝑜𝑡
𝑇∅

 (3) 

 

 
𝐹𝑅𝐶𝑉 = (𝐹𝑡𝑜𝑡 − 𝐹1 −

𝐹2 − 1

𝐺1
) . 𝐺1. 𝐺2 + 1 (4) 

 

C. Receiver Noise Figure Extraction 

The noise calibration procedure was applied to the two noise 

receivers (WR06 & WR04). 

WR04-band receiver has been recently developed to address 

noise measurement above 170 GHz. Before measurement, the 

noise figure has been estimated, based on the block diagram of 

Fig.4. Using the data provided in the datasheets, the noise figure 

of the receiver can be calculated, using FRIIS formula, 

expressed by (5).  
 

 
𝐹𝑅𝐶𝑉 = 𝐹𝐼𝑆𝑂 +

𝐹𝑀𝐼𝑋 − 1

𝐺𝐼𝑆𝑂
+
𝐹𝐿𝑁𝐴 − 1

𝐺𝐼𝑆𝑂 . 𝐺𝑀𝐼𝑋
 (5) 

 

Where 𝐹𝐼𝑆𝑂, 𝐹𝑀𝐼𝑋 and 𝐹𝐿𝑁𝐴 are the noise factors of the RF-

isolator, mixer and LNA, respectively. 𝐺𝐼𝑆𝑂 is the gain of the 

RF-isolator and 𝐺𝑀𝐼𝑋 is the conversion gain of the mixer. 

Fig. 7 shows the extracted noise figure of the WR06 receiver 

between 130 GHz and 170 GHz, featuring around 8 dB up to 

165 GHz. The extracted noise figure of the WR04 receiver is 

compared to the calculated value in Fig. 8, between 170 GHz 

and 260 GHz. The extracted results are close to the calculated 

values. In the NFM datasheet, the measured noise power 

accuracy is specified as 0.02 dB. Thus, the noise figure 

uncertainty for both receivers was evaluated using this value. 

Error-bars were extracted and plotted on the extracted noise 

figure of the receiver. This uncertainty is more important for 

high values of the noise figure, corresponding to the lowest 

measured power values. The power measurements at the output 

of the LO chain suffered lack of sufficient pumping power to 

drive the mixer at some frequency points, which is due to the 

response of the frequency tripler, for these particular 

frequencies. It induced the impossibility to use these points in 

the measurements, unless to exceed the maximum input power 

allowed to drive the amplifier. 

 
Fig. 7.  Measured noise figure of the receiver WR06 on 130 GHz to 170 GHz 

frequency range. 

 
Fig. 8.  Measured and calculated noise figure of the receiver WR04 on 170 GHz 

to 260 GHz frequency range. 

IV. ON-WAFER EXCESS NOISE RATIO EXTRACTION 

METHODOLOGY 

A. Methodology 

The diode noise source is often specified in terms of effective 

noise temperature leading to an effective Excess Noise Ratio 

(𝐸𝑁𝑅𝑒𝑓𝑓) [15]–[17] corresponding to the delivered power 

specified load. However, it is more convenient to extract the 

available Excess Noise Ratio (𝐸𝑁𝑅𝑎𝑣), and then choose 

whether to calculate the effective value or not. We assume the 

following equalities, 𝑇𝐶𝑂𝐿𝐷 = 𝑇𝐴 = 𝑇∅ = 290 K, where 𝑇𝐶𝑂𝐿𝐷 is 

the noise source temperature in the OFF state, 𝑇𝐴 is the physical 

ambient temperature and 𝑇∅ as a standard temperature. Fig. 9 

shows the block diagram of the setup used to perform on- and 

off-wafer ENR extractions. The test structure characterized in 

this part is a diode with its anode shunted to ground and its 

cathode connected to a RF-pad. In this test configuration the 

diode was biased through the bias tee of the RF probe by a 

positive current for the ON state and un-biased for the OFF 

state. The available noise temperature at the on-wafer reference 

plane A may be obtained with the calibrated noise receiver 

previously defined. In our case, the diode is unmatched. Thus, 

the available gain cannot be directly used, and the mismatch 

factor (𝑀) defined by (6) is used to determine the available 

values. The noise power is expressed by (7). To reduce the 

transformations between noise power and noise temperature, 



 

 

we will combine the mismatch factor and gain with the noise 

temperature calculation. 

 

 

𝑀 =
1 − |Γ𝑂𝑈𝑇

𝑝𝑟𝑜𝑏𝑒
. Γ𝐼𝑁

𝑅𝐶𝑉|
2

(1 − |Γ𝑂𝑈𝑇
𝑝𝑟𝑜𝑏𝑒

|
2
) . (1 − |Γ𝐼𝑁

𝑅𝐶𝑉|2)
 (6) 

 

 𝑃 = 𝑘. 𝑇𝑛𝑜𝑖𝑠𝑒 . 𝑓 (7) 

 

 
Fig. 9.  Block diagram of the setup used to perform the Excess Noise Ratio 

extraction at on-wafer plane (A) and off-wafer plane (B). 

The ENR was extracted using the Y-factor method. Where 

𝑃𝐻𝑂𝑇  correspond to the ON state, when the diode is biased in its 

avalanche regime and 𝑃𝐶𝑂𝐿𝐷 correspond to the OFF state when 

the diode is un-biased. 

The extraction of the ENR can be decomposed in four steps. 

 First, the effective hot noise temperature (𝑇𝐻𝑂𝑇
𝐵,𝑒

) is 

determined at the waveguide plane B using (8) and the Y-factor 

measurement. 

 

 
𝑇𝐻𝑂𝑇
𝐵,𝑒 = 𝑇𝑅𝐶𝑉 . (𝑌 − 1) + 𝑌.

𝑇𝐶𝑂𝐿𝐷
𝑀

 (8) 

 

 Secondly, the available hot noise temperature is determined 

by the use of the mismatch factor at plane B by the use of (9). 

 

 𝑇𝐻𝑂𝑇
𝐵,𝑎𝑣 = 𝑇𝐻𝑂𝑇

𝐵,𝑒 . 𝑀 (9) 

 

The third step corresponds to the transposition of the hot 

noise temperature at plane B to the plane A. Knowing the 

available gain of the probe, the hot noise temperature at plane 

B may be transferred to the available hot noise temperature 

𝑇𝐻𝑂𝑇
𝐴,𝑎𝑣

 at the on-wafer plane A by the use of (10) 

 

 
𝑇𝐻𝑂𝑇
𝐴,𝑎𝑣 =

𝑇𝐻𝑂𝑇
𝐵,𝑎𝑣 − 𝑇𝐴(1 − 𝐺𝑝𝑟𝑜𝑏𝑒

𝑎𝑣 )

𝐺𝑝𝑟𝑜𝑏𝑒
𝑎𝑣  (10) 

 

Where 𝐺𝑝𝑟𝑜𝑏𝑒
𝑎𝑣  is the available gain of the probe defined by 

(11). The calculation of the mismatch factor and the available 

gain are possible knowing the S-parameters of the probe, the 

reflection coefficient of the noise receiver  Γ𝐼𝑁
𝑅𝐶𝑉 and the 

reflection coefficient of the diode noise source (Γ𝑁𝑆(𝑖)) for each 

bias current condition. 

 

𝐺𝑝𝑟𝑜𝑏𝑒
𝑎𝑣 = |𝑆21

𝑝𝑟𝑜𝑏𝑒
|
2
 

(1 − |Γ𝑁𝑆(𝑖)|²)

|1 − 𝑆11
𝑝𝑟𝑜𝑏𝑒

Γ𝑁𝑆(𝑖)|
2
. (1 − |Γ𝑂𝑈𝑇

𝑝𝑟𝑜𝑏𝑒
|
2
)
 (11) 

 

Finally, the available excess noise ratio at plane A (𝐸𝑁𝑅𝐴,𝑎𝑣) 

can be determined by the use of (12). 

 

 
𝐸𝑁𝑅𝐴,𝑎𝑣 =

𝑇𝐻𝑂𝑇
𝐴,𝑎𝑣 − 𝑇𝐶𝑂𝐿𝐷

𝑇∅
 (12) 

 

The measured S parameters of the test structure in G 

(130 GHz – 220 GHz) and J (220 GHz – 320 GHz) band for 

OFF and ON (7 mA) states are shown on Fig. 10. A change in 

the reflection coefficient phase is obviously observed between 

ON and OFF states. Nevertheless, the change in the magnitude 

of the reflection coefficient is limited to 6%; as a result, it does 

(almost) not impact the extraction. 

 
Fig. 10   Measured S parameters of the test structure on contact pad plane on G 

(130 GHz – 220 GHz) and J (220 GHz – 320 GHz) bands for OFF state and 7 

mA of bias current condition. 

B. On-Wafer Excess Noise Ratio extraction 

The extracted 𝐸𝑁𝑅𝐴,𝑎𝑣 of the diode noise source versus 

frequency is shown on Fig. 11. We notice that the level of ENR 

varies according to the reversed biasing current of the diode 

source. The diode features an ENR varying from 5 dB to 20 dB 

in the D-band and from 0 dB to 15 dB in the 200 GHz-260 GHz 

frequency range. Between 170 GHz and 200 GHz, the ENR 

value constantly decreases for all bias currents. This ENR shape 

was reported in the literature [12]-[18] and corresponds to the 

diode avalanche noise model. 

 
Fig. 11.  Available Excess Noise Ratio extracted at on-wafer plane A. 
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As for the noise receiver calibration, the ENR has been 

extracted considering 0.02 dB of accuracy on the measured 

noise power (PHOT and PCOLD) by the NFM. The error bars have 

been plotted in Fig. 12 (for one test structure), featuring the 

impact of the NFM measurement accuracy on ENR extraction. 

Moreover, in order to investigate the repeatability of the noise 

source characteristic, the ENR curves of six different test 

structures (same diodes located at different places on the wafer) 

are plotted in Fig. 12. 

 
Fig. 12. Available Excess Noise Ratio extracted at on-wafer plane A, on six 

different reticules and corresponding error bars considering 0.02 dB of accuracy 

on the noise power measured by the NFM. 

The error bars show that the NFM power measurement 

accuracy does not have critical impact on the ENR extraction. 

Moreover, the ENR extracted for the six test structures shows a 

very good repeatability with a variation lower than 0.5 dB (in 

the same range values that those of the error bars). 

V. INTEGRATED LOW NOISE AMPLIFIER CHARACTERIZATION 

A. Integrated Noise Source Based Extraction 

The LNA is a key device in mmW frequency range for 

datacom, detection and characterization. For these purposes and 

in order to validate the use of an integrated noise source for in-

situ noise characterization, we took benefit of a LNA available 

on BiCMOS 55 nm [7] as well as our developed diode noise 

source. For the in-situ noise characterization, the diode noise 

source is directly connected on-wafer to the input of the 

amplifier,  as shown on Fig. 13. 

 

 
Fig. 13.  Chip photograph of the BiCMOS 55 nm test structure, composed of 

the integrated noise source and the LNA. 

In this configuration, the noise source cannot be biased 

through the bias tee of the RF probe. Thus, an integrated bias 

tee was designed on the cathode side. The diode noise source 

was biased in its avalanche regime through the integrated bias 

tee and the dc-pad on the lower side by a dc-probe. To perform 

on-wafer noise characterization with an integrated noise source, 

two test structures are needed.  

The first structure is composed of the noise source for the 

extraction of its ENR using the setup shown in Fig. 14(a). 

The second structure is composed of the noise source directly 

connected to the input of the device for noise characterization 

of the device using the setup shown in Fig. 14(b). 

 

 

 
Fig. 14.  Block diagrams of on- and off-wafer setup configurations used to 

perform on-wafer noise figure extraction of an LNA by the use of an integrated 

noise source. (a) Standalone noise source for ENR extraction on plane A, (b) 

noise source and LNA for noise characterization of the LNA. 

The proposed two cascode stages LNA is designed in order 

to keep the lowest noise figure while presenting 50 Ω at its input 

in the whole D-band, using a double-stub matching network. 

For integration purposes, the output single-stub allows the 

singled-ended LNA to be 50 Ω matched. This circuit uses active 

and passive components provided by the Design Kit of the 

technology, such NPN transistors (HiCUM level 2 model), 

microstrip lines, MIM capacitors and resistors. The four bipolar 

transistors used are high speed NPN with 1 emitter of 5.56 µm 

of length and 0.2 µm of width. The dedicated electrical 

schematic is fully presented in [7]. The LNA was characterized 

within its operating frequency range (130 GHz -170 GHz). The 

aim of this characterization is the extraction of its noise figure 

by the use of the integrated noise source. First, the Excess Noise 

Ratio was extracted at plane A. The available hot noise 

temperature 𝑇𝐻𝑂𝑇
𝐵,𝑎𝑣

 was extracted at plane B as explained 

previously. Using the same methodology, it can be transferred 

to the available hot noise temperature 𝑇𝐻𝑂𝑇
𝐴,𝑎𝑣

 at plane A by the 

use of (13-14). 

 

 
𝑇𝐻𝑂𝑇
𝐴,𝑎𝑣 =

𝑇𝐻𝑂𝑇
𝐵,𝑎𝑣 − 𝑇𝐴. (1 − 𝐺𝑎𝑣

𝑝𝑎𝑑
)

𝐺𝑝𝑎𝑑
𝑎𝑣  (13) 
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𝑝𝑎𝑑
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|
2
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2
)

(1 − 𝑆11
𝑝𝑎𝑑

Γ𝑁𝑆,𝐴)
2
∙ (1 − |Γ𝑁𝑆,𝐵|

2
)
 (14) 

 

The S-parameters of the pad are obtained by the simulation 

of its SPICE electrical model extracted from S parameters 

measurement of PAD-OPEN test structure up to 320 GHz, the 

gamma presented at plane B (Γ𝑁𝑆,𝐵) is deducted from the S-

parameters measurement of the diode and at plane A (Γ𝑁𝑆,𝐴) it 

is deducted by pad de-embedding. The measured S parameters 

of the test structure on D band for OFF state and variable bias 

current condition are shown on Fig. 15. 

 
Fig. 15   Measured S parameters of the test structure on D band for OFF state 

and variable bias current condition between 0.25 mA and 6 mA. 

The noise figure of the LNA (NFLNA) has been simulated by 

taking into account the impedance presented by the noise source 

(Γ𝑁𝑆,𝐴). It is assumed that, for the simulated noise figure, the 

available noise temperature of the noise source is used at the 

input, and 50 Ω is presented at the output (reflected the LNA 

output impedance, matched to 50 Ω). Thus, for the extraction, 

we use the available noise temperature (𝑇𝐻𝑂𝑇
𝐴,𝑎𝑣

) previously 

extracted. Knowing the available noise temperature of the noise 

source, the noise figure extraction of the integrated LNA can be 

processed as follow (15-16). 

First the total equivalent noise temperature of cascaded two-

port networks between noise source (plane A, Fig. 14, b) and 

NFM (plane D, Fig. 14, b) can be extracted using (2) and then 

it can be converted to the total noise factor using (3), where the 

Y-factor is calculated as previously (1) and the available hot 

noise temperature is defined on plane A.  

Finally, the extraction of the noise factor of the integrated 

LNA (FLNA) is done using FRIIS formula, by the use of (15). 

All mismatches were taken into account (reflection coefficients 

in plans A/A’/B/C).  

The LNA gain (𝐺𝐿𝑁𝐴) used here is extracted using (16) and 

is defined as the ratio between the ON-OFF noise power 

difference with LNA (Fig. 14,b) and the ON-OFF noise power 

difference without LNA (Fig. 14,a). 

 

𝐹𝐿𝑁𝐴 = 𝐹𝑡𝑜𝑡 −
𝐹𝑝𝑎𝑑 − 1

𝐺𝐿𝑁𝐴
−
𝐹𝑝𝑟𝑜𝑏𝑒 − 1

𝐺𝐿𝑁𝐴.𝐺𝑎𝑣
𝑝𝑎𝑑

−
𝐹𝑅𝐶𝑉 − 1

𝐺𝐿𝑁𝐴.𝐺𝑎𝑣
𝑝𝑎𝑑

. 𝐺𝑎𝑣
𝑝𝑟𝑜𝑏𝑒

 (15) 

 

 
𝐺𝐿𝑁𝐴 =

𝑃𝐻𝑂𝑇
(𝑏)

− 𝑃𝐶𝑂𝐿𝐷
(𝑏)

𝑃𝐻𝑂𝑇
(𝑎)

− 𝑃𝐶𝑂𝐿𝐷
(𝑎)

 (16) 

 

Fig. 16 shows the noise figure of the LNA, extracted for 

variable noise source bias currents, in comparison with the 

simulation data (solid line). The extracted noise figure is close 

to the simulated one, mainly for diode noise source bias currents 

ranged between 2 and 7 mA. However, below 2 mA the result 

of extraction is shifting from the SPICE simulation. This is due 

to the insufficient noise power supplied by the noise source to 

the amplifier leading to insufficient noise power at the NFM 

input plane and values of the Y-factor tends to the critical “1” 

value (for low bias currents of the diode noise source, as we can 

see on Table II at 170 GHz). 

 
Fig. 16.  Noise figure of the integrated low noise amplifier, extracted for 
variable diode noise source bias currents and simulated on noise source 

impedance. 

TABLE II 

MEASURED Y-FACTOR VALUES AT 170 GHZ 

Ibias 

(mA) 
0.25 0.5 1 2 3 4 5 6 7 

Y 1.00 1.02 1.05 1.11 1.19 1.26 1.34 1.43 1.52 

 

Fig. 17 shows the gain of the integrated LNA extracted from 

measured S parameters (solid line) and from noise 

measurement (dashed line). A discrepancy between extracted 

values from S parameters and noise measurement is observed, 

supposed due to the complexity of the pad de-embedding 

procedure on S parameters measurements. 

 
Fig. 17.  Gain of the integrated low noise amplifier, extracted from measured S 

parameters and form noise measurement. 



 

 

B. Solid-State Noise Source Based Extraction 

In order to extract the noise figure of the integrated LNA on 

50 Ohms (𝑁𝐹𝐿𝑁𝐴
50 ), it was characterized using the solid-state 

noise source (ELVA-1). It also allowed to validate the noise 

figure extraction, using integrated and solid-state noise sources. 

It is important to note that, due to the different reflection 

coefficients presented by solid-state and integrated noise 

source, it leads to different noise figure values. 

Fig. 18 shows the block diagram of the setup used to perform 

the noise characterization of the integrated LNA using solid-

state noise source. 

 
Fig. 18 Block diagram of the setup used to perform the noise characterization 

of the integrated LNA using solid-state noise source. 

In this configuration, the RF-probe on the left side is used to 

connect the noise source to the LNA through the RF-pad. A 

noise calibration is performed by the connection of the noise 

source to the noise receiver. In this case the measured noise 

factor (𝐹𝑚𝑒𝑎𝑠) corresponds to the noise factor of all devices 

placed between plane A and A’ (Fig. 18). Finally, the noise 

factor of the integrated LNA (𝐹𝐿𝑁𝐴
50 ) is calculated using FRIIS 

formula, by the use of (17). 

 

 𝐹𝐿𝑁𝐴
50

= (𝐹𝑚𝑒𝑎𝑠 − 𝐹𝑝𝑟𝑜𝑏𝑒𝐿 −
𝐹𝑝𝑎𝑑 − 1

𝐺𝑎𝑣
𝑝𝑟𝑜𝑏𝑒,𝐿 −

𝐹𝑝𝑎𝑑 − 1

𝐺𝑎𝑣
𝑝𝑟𝑜𝑏𝑒,𝐿

𝐺𝑎𝑣
𝑝𝑎𝑑

𝐺𝐿𝑁𝐴

−
𝐹𝑝𝑟𝑜𝑏𝑒,𝑅 − 1

𝐺𝑎𝑣
𝑝𝑟𝑜𝑏𝑒,𝐿

(𝐺𝑎𝑣
𝑝𝑎𝑑

)
2
𝐺𝐿𝑁𝐴

)𝐺𝑎𝑣
𝑝𝑟𝑜𝑏𝑒,𝐿

𝐺𝑎𝑣
𝑝𝑎𝑑

+ 1 

(17) 

 

Fig. 19 shows the noise figure of the LNA, extracted from 

noise measurement, simulated on 50 Ohms and simulated with 

the reflection coefficient presented by the probe (Γ𝑝𝑟𝑜𝑏𝑒) 

through the RF-pad. 

Even if the noise source is well matched, the probe does not 

present 50 Ohms at contact pad plane. That induces alteration 

of the extracted noise figure, as we can see on Fig. 19. However, 

the extracted noise figure is close to the simulated one up to 

150 GHz. Beyond this frequency, a discrepancy is observed 

between simulation and measurement, with several reasons that 

may explain this difference; (i) the noise source is placed far 

away from the device to be characterized, inducing a reduction 

of the ENR value at the input of the LNA,  (ii) the noise de-

embedding procedure to translate the measured noise figure 

(between planes [AA’]) to the device noise figure (between 

planes [BB’]) is directly related to the LNA contribution, which 

appears only as the third term in FRIIS formula. 

 
Fig. 19. Noise figure of the integrated low noise amplifier, extracted from noise 

measurement, simulated on 50 Ohms (black line) and simulated on reflection 

coefficient presented by the probe (𝛤𝑝𝑟𝑜𝑏𝑒) through the RF-pad (red line). 

VI. PACKAGED AMPLIFIER CHARACTERIZATION 

In order to validate the use of the developed noise source 

above 170 GHz, a packaged amplifier was chosen to perform 

the noise characterization on 220 GHz to 260 GHz frequency 

range. Fig. 20 shows the setup used in order to perform the noise 

characterization of the packaged amplifier. 

 

 
Fig. 20.  Block diagram of the setup used to perform DUT noise characterization 

on waveguide flange. 

For waveguide noise characterization, the DUT is placed 

between the RF probe waveguide flange and the input of the 

noise RCV. Based on the setup presented in Fig. 9, the noise 

source has been used in waveguide flange at plan B, through the 

RF probe. The diode is contacted by the RF probe and biased 

through the bias tee of the RF probe in its avalanche regime. 

The available hot noise temperature at plane B (𝑇𝐻𝑂𝑇
𝐵,𝑎𝑣

) 

previously extracted is directly used as ON state noise 

temperature of the noise source. 

The device to characterize is a packaged amplifier with 

variable attenuators at the input and output planes, as we can 

see in Fig. 21.  

The amplifier characterized in this section shows a poor 

matching, so the attenuators were used to improve the 

matching, despite it increases the noise figure of the device. The 

attenuation value was chosen by varying the position of the 

attenuator nob. Several configurations could be set regarding 

the attenuator values at the input and output of the amplifier. 

Table III shows the attenuation values for the three 

configurations used.  
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Fig. 21.   Photograph of the setup used to extract the noise figure of the packaged 

amplifier. 

 
TABLE III 

INPUT AND OUTPUT ATTENUATION VALUES FUNCTION OF THE KNOB 

POSITION FOR THREE CONFIGURATIONS 

Configuration 
Input attenuator value 

(dB) 

Output Attenuator value 

(dB) 

1 7.9 9.5 

2 0.8 9.5 

3 0.8 0.5 

 

Knowing the available hot noise temperature at plane B, the 

equivalent noise temperature between planes B and C could be 

extracted using the Y-factor method (1-3). Using the same 

methodology as before, the noise temperature 𝑇𝑡𝑜𝑡 and the noise 

figure 𝐹𝑡𝑜𝑡 were then extracted. Then, the extraction of the noise 

factor of the packaged amplifier was deducted using FRIIS 

formula (18). The gain of the amplifier was extracted using the 

same method as for the LNA. 

 

 
𝐹𝐴𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟 = 𝐹𝑡𝑜𝑡 −

𝐹𝑅𝐶𝑉 − 1

𝐺𝐴𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟
 (18) 

 

The measurements and extractions were performed for 

variable bias current condition of the diode noise source, 

between 0.25 mA and 7 mA, as shown in Fig. 22 and Fig. 23. 

As for the LNA extraction (section 5.A), we notice that for 

biasing currents below 2 mA the extracted noise figure shifts 

from the extracted values done between 2 mA and 7 mA, this is 

due to the insufficient noise power supplied by the noise source 

to the amplifier. This can be seen in Fig. 11 where the ENR 

value for low biasing currents is very small in this frequency 

range, and it is further attenuated after the probe. 

The extracted gain (deduced from noise measurements) is 

close to the measured S21 parameter, for the configuration 3. 

The noise figure and gain of the amplifier has also been 

extracted for the three configurations, for a biasing current of 

the diode at 7 mA. The curves are shown in Fig. 24 and Fig. 25. 

The extracted noise figure of configuration 2 and 3 are close 

between 230 GHz and 260 GHz, which is due to the gain of the 

amplifier that masks the attenuation of the output attenuator. As 

for configuration 1, a signature of the input attenuator losses is 

clearly observable because the noise figure is increased by the 

difference of attenuation between configuration 1 and the other 

two configurations (7 dB) over the whole frequency range. As 

a matter of fact, the gain response of the amplifier changes as a 

function of the total attenuation between the different 

configurations. 

 
Fig. 22.  Extracted noise figure of the packaged amplifier, extracted for variable 

biasing current of the diode noise source. 

 
Fig. 23.  Gain of the packaged amplifier, extracted from measured S parameters 

and form noise measurement. 

 
Fig. 24.  Noise figure of the packaged amplifier, extracted from noise 

measurements for configurations (1), (2) and (3). 

 
Fig. 25.  Gain of the packaged amplifier, extracted from noise measurements 

for configurations (1), (2) and (3). 
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VII. CONCLUSION 

mmW noise source development was presented in this paper. 

The developed noise source is based on an integrated diode 

structure operating in the avalanche regime and was 

characterized in the 130 GHz to 260 GHz frequency range. The 

presented test structure achieve a tunable ENR between 0 dB 

and 20 dB by bias current monitoring. 

Such setup can be used to perform in-situ noise 

characterization measurements. The noise figure of active 

devices was extracted in two cases: (i) using the in-situ noise 

source integrated onto silicon with a LNA, operating in D Band 

frequency range, (ii) using the noise source along with 

packaged LNA, operating in 220 GHz - 260 GHz frequency 

range.   

Further studies will be done in future to extract the four noise 

parameters of a heterojunction bipolar transistor using the diode 

structure as a noise source. Moreover, this noise source will be 

investigated in higher frequency range (>260 GHz) to perform 

in-situ noise measurements. 
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