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Abstract—This paper describes the development and 

characterization of wideband millimeter-wave noise sources based 

on SiGe BiCMOS amplifiers. Two single-ended three-stage 

amplifier-based noise sources reached excess noise ratio values 

over 20 dB from 120 to 220 GHz with 20 mA of bias current from 

a 2.3-volt supply. We also introduce a novel switchable noise 

source employing Lange coupler for providing wideband 

matching in both on and off configurations of the noise source. The 

Lange coupler-based noise source has better than 12-dB matching 

from 90 to 270 GHz with excess noise ratio of better than 15 dB 

from 125 to 235 GHz. 

 
Index Terms—millimeter-wave, noise sources, SiGe  

 

I. INTRODUCTION 

oise sources are important components for measuring 

noise figure of amplifiers and for calibrating radiometers. 

High excess noise ratio (ENR) noise sources have been 

used in noise figure measurements at least up to 200 GHz [1]. 

Noise sources have also been used as internal calibration target 

in radiometers of Jason [2] and SMOS [3] missions, for 

example.  

Many noise sources are built using a diode in the avalanche 

breakdown region as it can generate a significant amount of 

wideband noise [4]–[6]. An amplifier with input termination 

can also be used as a noise source [7]. In this work we study the 

feasibility of implementing wideband noise sources using input 

terminated SiGe BiCMOS amplifiers. In addition to a good 

ENR performance, many applications require good matching in 

both on and off states of the noise source.  Mismatch between 

on and off state impedances causes measurement uncertainty in 

noise figure measurements [9]. We introduce a novel noise 

source utilizing Lange coupler for wideband matching in both 

on and off configurations. 

This paper is organized as follows. The design of a wideband 

input terminated amplifier-based noise source is presented in 

Section II A followed by the design of the novel Lange coupler-

based noise source in Section II B. Measurement of all of the 

designed circuits are presented in Section III. Main findings are 

concluded in Section IV.  
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II. CIRCUIT DESIGN 

The block diagram of the amplifier-based noise source is 

shown in Fig. 1. The noise source is a three-stage amplifier in 

cascode configuration with input terminated to an on-chip load.  

 

 
 

Fig. 1. Block diagram of the amplifier-based noise source which is an input 
terminated three-stage-amplifier having an attenuator at the output. 

 

 
 

Fig. 2. Simplified schematic of the output stage. 

 

The simplified schematic of the output stage is shown in Fig. 

2. The bias of the cascode stage can be switched off using 

MOSFET M1, thus, enabling the cold load operation of the 

noise source. Switching off the first two stages is not necessary 

since the isolation of the last cascode stage is high enough to 

dampen the noise of the previous stages, so, that the cold noise 

temperature is in practice close to the ambient temperature. The 

hot noise temperature is controlled by adjusting the bias current 
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of all stages through current mirrors.  The two first stages of the 

noise source are identical and similar on the schematic level to 

the output stage except for some differences in the transmission 

line lengths and there is no MOSFET for switching the bias. All 

of the transistors in all circuits have emitter area of 

4×(0.07×0.9) μm². 

In addition to good ENR performance, our aim was to 

achieve good matching for the noise source design. Good 

matching is needed for noise sources that are for example 

intended for measuring the noise temperature of a stand-alone 

low-noise amplifier (LNA). In silicon technologies, the large 

RF pad capacitance makes it difficult to obtain wideband 

matching. This is because typically the RF probe pad is 

designed to have a ground plane under the pad which prevents 

the fields from entering the lossy and high dielectric constant 

silicon substrate. The ground plane under the pad forms a 

parasitic capacitor which at mm-wave frequencies affects the 

matching significantly. The parasitic capacitance can be 

compensated in narrow band using for example a shorted stub 

to resonate the capacitance out at single frequency. 

Compensation approaches don’t offer very wide matching 

bandwidth and reducing the overall parasitics is necessary 

instead of trying to just compensate them. By removing the 

ground plane under the pad parasitic capacitance is significantly 

decreased increasing the bandwidth the pad can be used. The 

drawback is that the fields can enter the silicon which slightly 

increases the losses. The effect of the ground cutout was 

investigated using 3D electromagnetic (EM) simulations. The 

EM simulation model of the pad with the ground cut out is 

presented in Fig. 3. The input probe is modeled using a metal 

bridge and a lumped port. On the chip side wave port is used. 

Probe pitch is 100 μm and the center pad diameter is 80 μm. 

The simulation results are presented in Fig. 4. With the ground 

cutout, the matching is significantly improved compared to the 

same structure with a solid ground plane under the signal pad. 

At frequencies exceeding around 200 GHz the substrate losses 

start to increase quickly and smaller signal pad diameter and 

ground cutout would be needed. Another option is to use a 

floating shield structure as shown in Fig. 5. The floating shield 

isolates the silicon substrate with minimal parasitic capacitance. 

The smaller signal pad slightly improves the matching of the 

pad even further. The above assumptions are confirmed with 

simulations plotted in Fig. 4. The pad with floating shield and 

smaller pad has the widest bandwidth.  

In the noise source design, the remaining pad capacitance is 

resonated out with a short-circuited shunt stub. To further 

improve the output matching an on-chip attenuator was added 

to the output of the noise source. Depending on design version 

it was either a conventional -resistor connection or a shunt 

resistor to ground. It should be noted that although attenuator 

improves the matching and the noise source bandwidth it comes 

with the expense of reduced noise power. 

The designs were implemented in IHP’s SG13G2 130-nm 

SiGe process with ft and fmax of 300 and 500 GHz, respectively. 

 

 
 

Fig. 3. EM simulation model of the GSG pad with ground cut out. Dielectric 

layers are not visible. The size of the center pad is 80 μm  ×  80 μm. 

 
 

 
Fig. 4. GSG pad simulated S-parameters with and without ground cut out and 

with a smaller signal pad utilizing a floating shield. 

 

 
Fig. 5. EM simulation structure of the GSG pad with a small signal pad and 
floating shield underneath. The size of the center pad is 75 μm  ×  50 μm. 

 

A. Amplifier-based noise source 

Two versions of amplifier noise sources were designed with 

different size output pads and differently optimized inter-stage 

matching and line lengths. The first noise source version has the 

smaller output pad with floating ground shield below as in Fig. 

5 whereas the second version utilizes the structure of Fig. 3 with 

ground cutout. The smaller output pad was also used to achieve 

smaller output capacitance and a larger bandwidth with the 
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tuning stub resonator. The stub length for the larger pad is 300 

µm whereas the shorter stub requires only a 250 µm length. 

The design of an active noise source requires an opposite 

approach compared to a low noise amplifier design. Instead of 

searching the minimum noise level of a gain stage the 

maximum is searched. Starting from the input referred noise 

circles the furthest location from input match noise optimum 

has to be searched. For the first cascode gain stage the noise 

circles for 170 and 230 GHz are plotted using an unmatched 

gain stage of Fig. 6 with a large inductive load. The minimum 

noise figures are found with rather real impedances between 20 

- 30 - this time the region to be avoided (Fig. 7). In these 

designs, low real impedances were chosen for simplicity and a 

resistance of 10 was used for input termination.  

 
 

Fig. 6. Simplified cascode stage for the search of noise maximum of the first 

gain stage and with the input match resistor approach in gray. 
 

Choosing a real source match instead of a reactive one is also 

justified by our wish for wide-band operation. Of course, 

reasonable gain and stable operation must be ensured when 

choosing appropriate input matching. In the noise source design 

with just an output signal, the term input matching is somewhat 

misleading and the first stage is just terminated with the chosen 

“input match” as shown in Fig. 6. The rest of the amplifier is 

designed to have high gain and wide bandwidth. Bandwidth of 

the amplifier mainly determines the bandwidth of the noise 

source. 

 The simulated S-parameters of the amplifier in the first 

amplifier-based noise source are plotted in Fig. 8. The output 

matching changes only slightly when the amplifier is turned off. 

The amplifier in the second noise source is identical except for 

the output transmission lines that have been slightly tuned to 

improve matching with the ground cut-out RF pad. 

Micrographs of fabricated amplifier-based noise sources 

version 1 and 2 are shown in Fig. 9 and Fig. 10, respectively. 

The former was designed to have a larger gain and ENR at 

higher frequencies. Thus, this design utilizes the floating shield 

RF pad. The current consumption of both circuits is 19 mA and 

15 mA in on-state and off-state, respectively, with a nominal 

supply voltage of 2.3 V. 

Dependence of ENR to temperature was simulated to be 

about -0.03 dB/°C for all noise sources. 

 

 
Fig. 7. Input matching of amplifier-based noise source using noise circle 

approach. 

 
Fig. 8. Simulated S-parameters of the amplifier used in the first amplifier-

based noise sources. Bias condition: 2.3-V supply voltage with 18 mA current. 

 

 
Fig. 9. Micrograph of first amplifier-based noise source. The chip area 

including pads is 650 µm × 375 µm. 
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Fig. 10. Micrograph of the second amplifier-based noise source. The chip area 

including pads is 650 µm × 430 µm. 

 

 
 
Fig. 11. Block diagram of the Lange coupler-based noise source. 

 

B. Lange coupler-based noise source 

To further improve the matching of the noise source a novel 

topology shown in Fig. 11. was developed. The circuit consists 

of two identical amplifiers connected to a Lange coupler with 

inputs terminated. The Lange coupler is used to improve the 

output matching similarly as is commonly used in balanced 

amplifiers. Due to the 90-degree phase shift of the Lange 

coupler, ideally the waves passing through the coupler 

reflecting off the amplifier outputs and passing back through 

the coupler experience 180-degree phase difference and cancel 

out at the output port. Reflected power is absorbed in the 

termination resistor Rterm. Disabling the amplifiers changes the 

output reflection coefficient of the amplifiers but due to the 

Lange coupler the output matching of the circuit changes only 

minimally. The noise of the two amplifiers is uncorrelated and 

is divided equally in the Lange coupler to the output and 

termination Rterm and ENR is identical to the ENR of a single 

amplifier. It should be noted that the Lange coupler design 

approach could be used just as well with avalanche diode-based 

noise source to improve the matching. 

The Lange coupler coupling line length is 156 µm, width 2 

µm and spacing 3 µm. Bottom metal layer was used as a ground 

plane and the signal lines are on top metal layer. 

 
 

Fig. 12. Simulated S-parameters of a single amplifier used in the Lange coupler-

based noise source. Bias condition: 2.3-V supply voltage with 18-mA current. 

Port 2 is the output port. 

 

 
 

Fig. 13. Micrograph of the Lange coupler-based noise source. The chip area 
including pads is 700 µm × 510 µm. 

 

  

Simulated S-parameters of a single amplifier that is 

employed in the Lange coupler-based noise source are 

presented in Fig. 12. The output matching of a single amplifier 

is at the best only around -10 dB, thus, adding the Lange coupler 

significantly improves the output matching of the noise source 

as will be shown in the next section. 

Micrograph of the manufactured Lange coupler-based noise 

source is presented in Fig. 13. The simulated nominal supply 

voltage is 2.3 V with current consumption of 38 mA in on state 

and 30 mA in off state. 

III. MEASUREMENTS 

A. S-parameter measurements 

The S-parameters were measured using four different VNAs 

to achieve full coverage from 10 MHz to 300 GHz. Calibration 

was done in each case using LRRM method using an external 

calibration substrate. Measurement frequency ranges were 

partly overlapping and the differences in the setups cause some 

discontinuities. In the absolute scale these discontinuities are 

rather small. 
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Fig. 14. Measured and simulated output matching of the first amplifier-based 

noise source both in on and off states. On-state bias condition: 2.3-V supply 

voltage with 21 mA current. 

 

 
 

Fig. 15. Measured and simulated output matching of the second amplifier-based 

noise source both in on and off states. On-state bias condition: 2.3-V supply 

voltage with 21-mA current. 

 
Fig. 16. Measured and simulated output matching of the second amplifier-

based noise source in on-state with different supply voltages. 

 

The measured and simulated output matching of the first 

amplifier-based noise source is shown in Fig. 14. The responses 

resemble qualitatively each other although there is quantitative 

difference. However, around 250 GHz the measured output 

matching differs significantly from the simulated one. This 

could be due to the modeling inaccuracies related to the floating 

shielded RF pad. The measured output matching is better than 

-10 dB between 175 to 280 GHz and better than -15 dB between 

200 to 260 GHz. Both on- and off-states are shown and there is 

slightly worse matching in on-state but the difference between 

states is rather negligible. 

For the second version of amplifier-based noise source, the 

measured and simulated matching is shown in Fig. 15. The 

measured characteristics are rather good, and the output 

matching is better than -10 dB in a rather wide band between 

140 to 270 GHz. Again, the measured response is qualitatively 

rather like the simulated one although the quantitative 

difference is notable. Change in the output matching with 

different bias conditions was simulated to be minimal with all 

noise sources and this was found to be true in measurements 

(Fig. 16). 

The measured and simulated output matching of the Lange 

coupler-based noise source is plotted in Fig. 17. The 

measurements agree relatively well with the simulations. The 

simulated output reflection coefficient is better than -12 dB 

from approximately 90 – 270 GHz in both on and off states. 

 
 
Fig. 17. Measured and simulated output matching of the Lange coupler-based 

noise source both in on and off states. On-state bias condition: 2.3-V supply 

voltage with 39-mA current. 

 

The change in the output matching between on and off states 

is minimal. The relatively good match to simulations suggests 

that the Lange coupler at the output makes the output match 

more robust to modeling inaccuracies and fabrication 

tolerances. 

B. Noise temperature measurements 

The noise temperature was measured using three 

measurement systems from 110 to 170 GHz, 150 to 207 GHz 

and 210 GHz to 250 GHz. The measurement system for the 150 

– 207 GHz frequency band is presented in Fig. 18. Isolator at 

the input is used to reduce reflections between the DUT and the 

subharmonic mixer. The noise is down converted with a 

subharmonic mixer and the power is measured with a noise 

figure analyzer. Noise temperature (Tr) and gain bandwidth 

product (kBG) of the noise receiver are determined using Y-

factor method [7] and landing the RF probes on a thru line on 

an alumina calibration substrate. The noise figure includes the 

on-wafer probe between the DUT and the isolator. Solid state 

noise source Elva-1 ISSN-05 provides hot and cold noise 

temperatures for the calibration at 150-207 GHz band. Solid 

state noise source Elva-1 ISSN-06 was used at 110-170 GHz 
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band and an input terminated packaged amplifier was used at 

210-250 GHz band. The output noise temperature of the 

packaged amplifier was calibrated with room temperature and 

liquid nitrogen absorber loads. Losses of the probe connected 

between the noise source and thru line are determined with the 

method described in [8]. Noise figures of the receivers are 

between 11-15 dB, 16-19 dB, and 14-17 dB at 110-170 GHz, 

150-207 GHz, and 210-250 GHz, respectively. Output noise 

temperature Tout, and ENR of the noise source are calculated 

from the measured noise power Pmeas using 

𝑇𝑜𝑢𝑡 =
𝑃𝑚𝑒𝑎𝑠

𝑘𝐵𝐺
− 𝑇𝑟                (1) 

and 

𝐸𝑁𝑅𝑑𝐵 = 10log10 (
𝑇𝑜𝑢𝑡−𝑇0

𝑇0
)            (2) 

where T0 is the standard noise temperature 290 K. Mismatch 

effects are not taken into account in the calculation. 

 

 
Fig. 18. ENR measurement setup. 

 

ENR simulation and measurements of the amplifier-based 

noise source version 1, version 2 and Lange coupler-based 

noise sources are shown in Fig. 19, Fig. 20 and Fig. 21 

respectively. In both amplifier-based devices the noise 

increases rapidly up to 120 GHz after which the noise ENR 

level is rather constant and then peaks at around 210 GHz. The 

measured ENR is slightly higher than simulated and the 

response is shifted toward higher frequencies. Mismatch 

between the noise source and the isolator at the receiver input 

can also cause some inaccuracy as the mismatch is not 

compensated in the measurement. The ENR level is rather 

dependent on supply voltage and in both cases the ENR 

variation difference between 1.8, 2.0 and 2.3 V supply is around 

10 - 13 dB. The Lange coupler-based noise source ENR 

matches better to measurements, but it’s also slightly shifted to 

higher frequencies. 

 

 
Fig. 19. Measured and simulated ENR of the first amplifier-based noise source 

with three different bias conditions. 
 

 
Fig. 20. Measured and simulated ENR of the second amplifier-based noise 

source with three different bias conditions. 
 

 
Fig. 21. Measured and simulated ENR of the Lange coupler-based noise source 
with three different bias conditions. 
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Table I Comparison of millimeter-wave noise sources 

Technology Topology Supply 
current  

(mA) 

Supply 
Voltage 

(V) 

Frequency 
(GHz) 

ENR 
(dB) 

Return 
loss 
(dB) 

Ref 

packaged waveguide with isolator 60 28 110-170 12 ± 3 14 [14] 

silicon IMPATT diode waveguide  50-100 18-28 110-170 12 ± 2 - [15] 

GaAs Schottky diode waveguide 6 16 170-220 4-10 >2.5 [5] 

BiCMOS Schottky diode in-situ 7 6 130-260 15-20 - [4] 

InP HEMT waveguide LNA 20 - 145-185 12-15 - [7] 

SiGe BiCMOS switched avalanche diode 5 12 54-70 19 >10 [12] 

SiGe BiCMOS schottky diode 7 - 130-325 5-20 - [8] 

SiGe BiCMOS p-i-n diode 2 11 1-40 19-36 - [13] 

SiGe BiCMOS three-stage cascode amplifier 21 2.3 120-220 
145-220 

20-25 
20-25 

>7 
>10 

this work 

SiGe BiCMOS three-stage cascode amplifier 21 2.3 118-235 
172-235 

20-27 
20-27 

>2 
>10 

this work 

SiGe BiCMOS three-stage cascode amplifier with Lange 
coupler 

39 2.3 125-235 15-22 >12 this work 

 

IV. CONCLUSION 

In this paper, we presented the design methodology for 

wideband input terminated millimeter-wave amplifier based 

noise sources and demonstrated the operation of SiGe BiCMOS 

amplifier based noise sources for the first time. The amplifier 

based noise sources are suitable for both on-chip in situ 

calibration as well as external noise sources for defining for 

example an amplifier noise figure. The amplifier-based noise-

source design approach is readily applicable to other MMIC 

technologies since typically a noise model is available for LNA 

design. 

Performance of millimeter-wave noise sources operating are 

gathered in Table I. All three noise sources have tunable ENR 

and the amplifier-based noise sources can be designed for low 

voltage operation. The three-stage single-ended cascade 

amplifier based noise sources achieve high ENR values above 

20 dB from 120 to 220 GHz. However, for both single-ended 

noise sources the output matching is considerably much 

narrower limiting the usable range of the two noise sources. To 

overcome this, we proposed a novel Lange coupler based noise 

source which can operate at a very wide bandwidth as the 

measured output matching is better than -12 dB from 90 to 260 

GHz. Furthermore, the Lange coupler at the output makes the 

output match more robust to modeling inaccuracies as well as 

fabrication tolerances and is suitable for other noise source 

topologies and technologies. 
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