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Abstract—This article presents a single-stage single-ended
(SE) and a multistage pseudo-differential cascode low-noise
amplifiers (D-LNA) with their center frequencies at 235 and
290 GHz, respectively. Both low-noise amplifiers (LNAs) are
designed beyond half of the maximum frequency of oscillation
(fmax) in 130-nm SiGe BiCMOS technology with f;/fin.x of
300/450 GHz. Implications of gain-boosting and noise reduction
techniques in cascode structure are analyzed and it is observed
that beyond fax/2, these techniques do not provide desired
benefits. The single-stage SE LNA is designed to ascertain the
theoretical analysis, and the same analysis is further implemented
in staggered tuned four-stage LNA. Single-stage SE LNA provides
a small signal gain of 7.8 dB at 235 GHz with 50 GHz of 3-dB
bandwidth by consuming 18 mW of power. Four-stage differential
LNA gives 12.9 dB of gain at center frequency 290 GHz and
11.2 dB at 300 GHz by drawing 68 mA current from the 2-V
supply. The 3-dB bandwidth of differential LNA is measured
to be 23 GHz. Noise figure measurements of both LNAs are
performed using a gain-method technique with their measured
noise figure values of 11 and 16 dB, respectively. This work
successfully demonstrates the possibility of using a Si-based
process to implement amplifiers beyond f,,.x/2. To the authors’
best knowledge, the four-stage differential LNA achieves, without
any gain-boosting technique, the highest gain at 2/3( fi,.x) With
decent noise figure performance in SiGe technology.

Index Terms— High current model (HICUM), low-noise ampli-
fiers (LNAs), maximum frequency of oscillation ( fi,..), receivers,
SiGe BiCMOS integrated circuits, sub-THz and THz integrated
circuits, vertical bipolar intercompany model (VBIC).

I. INTRODUCTION

UTURE high-speed wireless technologies are dependent
on the sub-THz and THz band of electromagnetic spec-
trum [1], [2], [3], [4]. In this aspect, IEEE 802.15.3d-2017 pro-
poses the use of a sub-THz frequency range for point-to-point
communication for data rates up to 100 Gb/s [5]. RF front-
end design in the WR3.4 waveguide band (220-330 GHz) is
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very promising for future high-speed communication [6]. It has
been analyzed that indoor range for radio link can be achieved
at 300 GHz with decent antenna gain and quite moderate noise
figure [7].

Consistent advancement in SiGe BiCMOS technology
makes it a promising candidate to implement the sub-THz
transceiver system [8], [9]. However, as discussed in [10],
due to low gain and high noise figure offered by the Si-based
semiconductor technologies in the sub-THz frequencies range,
the mixer-first receiver is a common architecture in the sub-
THz/THz transceiver system. This makes it suitable for a
system with low SNR requirements with simple modulation
techniques. An LNA-first receiver is required to fulfill the
high SNR criterion. With their limited speed or maximum
frequency of oscillation (fi,x), new circuit topologies for low-
noise amplification are being explored beyond the 200-GHz
frequency range. Often in cascode and common base (CB)
topologies, an inductor, as a positive feedback element is
used to boost the power gain of the amplifier [11], [12],
[13], [14]1, [15], [16], [17], [18], [19]. In [20], [21], [22],
[23], [24], [25], and [26], the power gain of the amplifier
is enhanced close to its unilateral gain by eliminating the
reverse path using a lossy passive feedback network, and the
feedback network is optimized to boost the power gain close
to maximum achievable gain (Gy.x). However, previous art
does not mention the impact of a lossy passive network on the
noise figure of the amplifier. On the other hand, [27] presents
the use of a recursive approach to optimize the Z-embedding
to boost the gain. It also discusses the gain versus noise
figure tradeoff when using the embedding technique. In [28],
a theoretical study of a lossless feedback network of a low-
noise amplifier (LNA) is analyzed without practical imple-
mentation. Spasaro et al. [29] provide a systematic method to
make a compromise between gain and noise for a case where
the matching network is lossy. The gm-boosting technique is
also used to increase the overall power gain of the ampli-
fier [30], [31], [32], [33], [34], [35]. Techniques mentioned
in these works do not only enhance the power gain, but also
reduce the noise contribution by the amplifier. However, the
aforementioned work is done at frequencies much below the
Jmax/2 mark. In [35] and [36], SiGe BiCMOS technology
achieves speed (fmax) Of the transistor as high as 600 and
700 GHz, respectively. Due to their circuit operation below
Sfmax/2, the amplifier offers relatively improved performance
compared to the other state-of-the-art.
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(a) MAG/MSG and minimum noise figure (NFyy) of VBIC and HICUM models of SiGe HBT with a number of emitters (Nx) = 4. (b) Metal

interconnect from M1 to TM2 and its parasitics. (¢) MAG/MSG and NFp,;, of the VBIC model of SiGe HBT after metal interconnect.

This article presents two LNAs, which are operating beyond
Jfmax/2. One is a single-ended (SE), single-stage amplifier,
and the other is a four-stage differential amplifier operating
at center frequencies of 235 and 290 GHz, respectively. This
article expands the work on a four-stage LNA originally
presented in [37] by providing its theoretical background.
Theoretical analysis is done on the SE cascode amplifier
operating beyond fia.x/2. It clearly points out that the well-
known gp,-boosting and noise-reduction technique using the
base inductor at the CB transistor and the series inductor
between the CB and common emitter (CE) transistor of cas-
code amplifier are not useful when operating beyond fiax/2.
To ascertain the theoretical analysis, a single-stage amplifier
was designed just above the fn.«/2 frequency range. Second,
a four-stage differential amplifier was designed at two-third of
Jfmax using the same theoretical analysis by using the advan-
tage of the differential design. Implementation of these two
LNAs shows the opportunity to implement LNA-first receiver
operating above fi.x/2 frequency range in the 220-330-GHz
band. In addition, the noise figure measurement technique,
for frequency bands where commercial noise sources are not
available, is presented.

The rest of the article is organized as follows. Section II
describes aspects of the semiconductor technologies used to
implement the low-noise amplifiers. Here, impacts of inter-
connect on the speed of transistors are also explained with
the relative performance of VBIC and HICUM models of
the heterojunction bipolar transistor (HBT) beyond fiax/2.
Section III investigates sizing and gm-boosting of transistors,
stability criterion, and noise reduction technique for the sim-
ple cascode topology. Subsequently, Section IV presents the
design and implementation of both the SE and differential
LNAs based on the analysis explained in previous sections.
In Section V, small-signal, large-signal, and noise figure
measurement setups are depicted. Here, measurement and
simulated results are discussed and compared with the state-
of-the-art. Finally, Section VI concludes the work.

II. TECHNOLOGY AND LAYOUT DESCRIPTION

The circuit is designed and fabricated with SG13G2 SiGe
BiCMOS technology by innovation for high performance
microelectronics (IHP) with f;/ fiax of 300 GHz/450 GHz [8].

The back-end-of-line (BEOL) of the process consists of 7 all-
aluminum metal layers with five thin (M1-M5) and two
thick (TM1-TM2) layers. A metal-insulator-metal (MIM)
capacitor, having density of 1.5 fF/um?, is formed using TM1
and M5 metal layers.

For circuit simulation, PDK offers a vertical bipo-
lar intercompany model (VBIC) and high current model
(HICUM/L2.3) of SiGe HBT with emitter area of 0.9 x
0.07 um?. It is often recommended to use VBIC where a
large number of HBTs are to be used and HICUM for high
current operation [38]. In the PDK, HBTs are characterized
below 100 GHz, and their performance is extrapolated to a
higher frequency. Till the frequency of characterization, VBIC
and HICUM models are well matched on various performance
parameters. In order to design circuits at and above fiax/2,
maximum available gain (MAG) and minimum noise figure
(NFpin) of a single HBT with emitter area of 4 x 0.9 x
0.07 um? are plotted as shown in Fig. 1(a). It is observed
that simulated NF.;, of VBIC and HICUM models are
well matched until given maximum frequency of oscillation
(fmax) of 450 GHz. On the other hand, MAG of VBIC- and
HICUM-modeled HBT start to deviate from each other around
fmax/2 onward. HBT is biased for peak fi.x with a collector
current of 9 mA, where VBIC and HICUM models predict
Jfmax of 441 and 362 GHz, respectively.

To design RF circuits, top metal layers are often used
as reference planes to connect transistors with other parts
of circuitry using interconnects. Parasitics of interconnects
further lower f.x value from what technology offers at the
transistor level. Consequently, interconnects are often opti-
mized to compensate for the reduction in RF performance [39].
As shown in Fig. 1(b), parasitic inductance and resistance of
interconnect are calculated between ports at the base (metal 1)
of the HBT and the extrinsic connection at top metal 2 using
following equations:

Im(y;!

(y 11 ) )

@

where y;; is obtained from the EM simulation of the inter-
connects. fmax Of HBT is mostly affected by the base resis-
tance (Rp) and collector—base capacitance (Ccg) [38]. Rp is

Lgpr =

w
R, = Re(y}}")
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Fig. 2. Simulated MAG and NF,,;, versus bias current (I¢) for different
combinations of CE and CB SiGe HBT sizes of the cascode amplifier. Bias
current corresponding to peak fmax of HBT sized Nx = 2, 3, and 4 are 4, 6,
and 9 mA, respectively.

combination of both intrinsic base resistance (ry;) of HBT and
series resistance (R;) of interconnect at the base of HBT. Here,
Lggr is absorbed in the external matching networks, so only R;
and Ccg, caused by interconnects, mostly affect fi.x of HBT.
As shown in Fig. 1(b), by using stair-like interconnects from
M1 to TM2 and large number of parallel vias, Ccpg and R; are
minimized. Consequently, as shown in Fig. 1(c), fm.x of HBT,
with top metal 2 as a reference plane, is reduced by 44 GHz
from 441 to 397 GHz which is less than that reported in [13].
On the other hand, NF,;, of single HBT remains the same due
to a relatively lower value of series resistance (R; = 1.2 )
with respect of intrinsic base resistance (r,; = 22 2).

ITI. SINGLE-STAGE SE CASCODE AMPLIFIER

A. Biasing and Sizing of HBTs

Cascode amplifiers offer higher gain, good isolation, higher
output impedance, higher stability than CE topology, and
better noise performance when compared to CB [17], [40].
Beyond fi.x/2 frequency, the gain of the amplifier drops
significantly which necessitates the operation of the cascode
structure at a relatively high collector current. To make a bal-
anced choice for a good gain and decent noise figure beyond
Jfmax/2 frequencies, in the SE cascode amplifier, different
combinations of transistor sizes were simulated over various
collector currents (I¢). Here, Nx which implies a number of
emitter fingers are varied to change the size of the transistor.
It can be seen in Fig 2 that CE with Ny = 4 and CB with
Nx = 3 combination gives better gain than other combinations
but the poorest NF,. On the other hand, CE with Ny =
4 and CB with Ny = 4 combination gives the best gain and
the lowest NF;, over other combinations at higher current.
A combination consisting of CE with Nx = 4 and CB with
Nx = 2 suffers from the mismatch of required bias current
corresponding to peak fyax. This leads to a fall in MAG and
a rise in NF;,. Considering this, further design analysis is
performed with cascode topology having both CE and CB
HBTs with Ny = 4.

B. G,,-Boosting

To boost the gain of cascode structure, various techniques
have been proposed where G,-boosting is achieved either
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Fig. 3. Simplified small-signal model of the cascode amplifier for transcon-
ductance (G,,) equation.
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Fig. 4. Magnitude of G,, of ideal the cascode amplifier with HBT size of
(a) Nx = 2 and parameterized with L, where Ly = 0, (b) Nx = 4, and
parameterized with Lc, where Lp = 0, (¢) Ny = 2 and parameterized with
Lp, where Lc = 0, and (d) Nx = 4 and parameterized with Lp, where
Lc = 0. Here, Lc and Lp are varied from 10 to 80 pH with a step size of
10 pH. All HBTs are biased at their peak fiax-

by an inductor at the base of the CB transistor (Lp) and/or
by an inductor between the CE and CB transistors of the
cascode (L¢) [11], [12], [13], [14], [15], [16], [17], [18],
[301, [31], [32], [33], [34], [35]. However, previous works are
implemented at frequencies below fi.x/2. In [35], L¢- and
L p-based analytical study is presented near fi.x/3 frequency
range. Unfortunately, [35] had a few typos in the equations of
G,, and pole frequencies. We correct them here and extend
the analysis of effects of L and Lp to frequencies beyond
Frnax/2.

A simplified small-signal model of cascode structure with
extrinsic inductors (L¢ and Lg) is shown in Fig. 3. G,, of
the cascode structure can be expressed as follows:

Lout

Gp =2

Vin

3)

Uou(:().
G,,-boosting using only L¢ is analyzed and total G,, can
be expressed as follows:

AC

jwB + C(l - (5)2)

G = “4)
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where w is the operating frequency and A, B, C, and w,; are
given by the following equations:

A= 8m, — jwcbcl (5)
B = Cbc| + Ccs1 (6)
C = gm, + jwCe, (7

1
T Le(Cory + Ca)” ©

It can be seen in Fig. 4(a) and (b) that due to L. and
corresponding capacitors, overall transconductance (G,,) of
cascode peaks at pole frequency w;. As L¢ goes up, it shifts
the peak downward which restricts the use of the higher values
of L¢ to boost the gain of cascode topology at a higher
frequency.

Similarly, G,,-boosting is analyzed using inductor L g which
is expressed by the following equation:

2
gmzA(l - (w%) ) — jAW?LgCre, Co,

Gn = 2 2
ij(1 - (wﬁ) ) +c(1 _ (%) )
where the pole frequencies w, and w; are given by the
following equations:

9

1
= 10
wr ‘/LBCbcz (10)
1
= — (11)

LB (Cbez + Cbcz)

Similarly, as shown in Fig. 4(c) and (d), resonance peak,
caused by Ly and corresponding capacitors, shifts downward
as Lp values goes up. Here, the movement of G,, peaking is
relatively larger than that caused by inductor L. This makes
larger values of Lp unsuitable for gain boosting at higher
frequencies, as well.

It can also be seen from Fig. 4 that intrinsic capacitances
of CE and CB transistors increase with the size of transistors,
which further shifts the resonance peaks to lower frequencies.
Consequently, transistor with Nx = 4 with same value of
L¢ and Lp, which offers higher G,, than that of Ny = 2,
witnesses G,,-boosting relatively at lower frequencies. This
further restricts the applicability of G,,-boosting using L¢ and
Lp at and beyond f.x/2 in cascode amplifiers.

C. Stability Criteria

Inductor L at the base of the CB transistor of cascode
introduces positive feedback to enhance the gain. This also
leads to potential instability in the circuit. This can be analyzed
by looking into input impedance in Fig. 5(a). The real part
of the input impedance, as given by the following equation,
should be positive to avoid potential instability in a cascode
circuit:

WZ(R%;C% - gmLBCJT) + 8m

R Zin} = e
T m

(12)
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Fig. 5. (a) Simplified small-signal model of the cascode amplifier for input
impedance equation for stability. (b) Re(Zi,) versus frequency for different
values of Lj.
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Fig. 6. (a) Simplified small-signal model of the cascode amplifier with its
noise sources. (b) Minimum noise figure (NFpi,) versus Lp parameterized
over L¢ at fimax/3. (¢) NFpnin versus Lp parameterized over L¢ at fiax/2.
All HBTs are biased at their peak fiax.

As shown in Fig. 5(b), as Lp increases, the real part of
the input impedance tends to be negative. It can also be
seen that as Ljp value increases, Re(Z;,) becomes negative
at lower frequencies. Fig. 5(b) depicts potential instability
for Lg beyond 15 pH. It is important to note that HBT
models are characterized below the 100-GHz frequency range,
so careful selection of Ly value is to be done by operating
away from the edge of potential instability. To design LNAs
beyond fiax/2 frequency range, Lp less than 15 pH avoids
potential instability.

D. Noise Analysis

In [30], [31], [35], and [41], an inductor between the
CE/source and the CB/gate of the cascode network is utilized
to minimize the noise figure of the circuit, where L is tuned
to resonate away the parallel capacitances at the collector of
the CE transistor (Cp;) and the emitter of the CB transistor
(Cp2). Total noise figure can be defined by (13) where thermal
noise contribution of bases (rpn1, "on2) and shot noise currents
(fonts fents fon2, and icyp) of the CE and CB transistors are
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included [41]
Foa = 1+ Frbnl + Fibnl +F

cnl

1-(2))
wgm, L )) (1)

1
wy= [————.
(Cp1||cp2)Lc

Equation (13) gives a good idea about a method where
a series/parallel inductor could help to minimize the overall
noise figure of the cascode amplifier. However, to avoid
analytical complexity, it does not take the simultaneous role
of Lp into account. Nonetheless, the contributions of L and
Lc on the noise performance of the cascode amplifier can
be analyzed in simulation. A small-signal model of cascode
with its noise sources is shown in Fig. 6(a), where both Lg
and L¢ are simultaneously taken into consideration. As shown
in Fig. 6(b) and (c), NF, is plotted at fi.x/3 and fiax/2,
respectively. Here, NF,;, is depicted over various Ly values
with parameterized Lo and it can be observed that NF,
behaves differently at fiax/3 and fiax/2. At fmax/3, NFmin
reduces with increasing L¢ until certain values of Lp. On the
other hand, at f.x/2, Lc does not really contribute in low-
ering the value of NF,;,. So, G,,-boosting using L does not
really help in noise figure reduction at and above f,x/2 and
higher Lp leads to higher noise figure as well.

It is important to note that the device interconnect from
lower metal layers to the top layer circuit exhibits a noticeable
amount of inductance. So, it is very difficult to implement
the cascode amplifier without some inductance (Ljp) at the
base of the CB transistor. This inevitably, at sub-THz, nullifies
the benefit of using L¢ as a noise reduction element in the
cascode amplifier circuit where the frequency of operation is
at or beyond fiax/2.

+ (Fran + F'ibnl + Ean)(l + (

where

(14)

IV. LNA DESIGN ABOVE fyax/2

Based on the previous analysis, it is observed that with the
proper values of L and L¢ and sizing of the transistor G,, of
the cascode amplifier can be boosted which can help to achieve
higher gain. However, it has also been observed that there is a
tradeoff between the gain and the noise figure of the cascode
amplifier operating at and above f,.x/2. Although there is
the scope of gain boosting using Lp above fi.x/2 frequency
range but beyond a certain value of Lg, it clearly shows that
LNA might suffer from potential stability. Taking this into
consideration, an SE-LNA at 235 GHz and differential LNA
at 290 GHz are designed and the same is discussed in the
following subsections IV-A and IV-B, respectively.

A. SE Cascode LNA at 235 GHz

SE-LNA is designed at the center frequency of 235 GHz
which is 10 GHz above fp./2 of SiGe BiCMOS technol-
ogy with f;/ fmax of 300/450 GHz. As shown in Fig. 7(a),
SE-LNA is designed using a single-stage cascode topology.
Here, VBIC model of HBTs (Q1 and Q2), with emitter area of
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Fig. 7. (a) Simplified schematic of the SE single-stage cascode LNA. (b) Top
view of the core layout of the cascode structure.

4 x 0.9 x 0.07 um?, is used for simulation. A current mirror
is used to bias the amplifier. Transistors are biased at their peak
Jfmax With a collector current of 9 mA. As shown in Fig. 7(b),
Lp and L¢ are implemented using transmission lines TLyg
and TLc, respectively, and via stacks. First, Lg is optimized
using transition vias from M1 to TM1 and a 5-um-wide
and 20-pum-long TLg. The total inductance of 15 pH, for
the minimum possible noise figure, is implemented by this
structure. Subsequently, L¢ is implemented using transition
vias from M1 to M3, TL¢ using M3 and transition vias
from M3 to M2. TL( is implemented by a 7-um-wide and
15-pum-long M3 line. At and above fiax/2, Lc does not really
help to reduce the noise figure, its dimensions are kept at the
minimum possible length with 7 pH of overall inductance.
The load of SE-LNA is implemented using a 2-pum-wide and
35-pum-long TM2 line which is connected to a 2-V supply.

The input of SE-LNA is conjugate matched to 50-€2 ground-
signal-ground (GSG) pads using a 100-fF coupling cap (C1)
and a 2-pm-wide and 5-pum-long transmission line TL1. The
inductance caused by transition vias from M1 of the base
of the transistor to M5 also plays a role in input matching.
Input matching is compromised to avoid loss in the matching
network and to achieve higher gain. C5 (10 fF) acts as a
coupling cap at the output. The output of the LNA is matched
to 50-2 GSG pads using an LC matching network which is
implemented using an MIM capacitor (C6 = 14 {fF) and a 4-
pum-wide MS line (TL3 = 30 um). MIM capacitors (C2, C3,
and C4) of 1 pF are used as decoupling capacitors. R1 (2 K€2)
is used to isolate dc from RF.

B. Four-Stage 290-GHz Differential Cascode LNA (D-LNA)

A four-stage D-LNA, with pseudo-differential cascode
topology, is designed at a center frequency of 290 GHz which
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is near 2/3( fiax). Here, fundamental design methods are the
same as explained in Sections II and III. D-LNA is designed
in the following two steps.

1) Active Cell of LNA: The active cell of LNA is designed
using Nx = 4 sized HBTs for both CE and CB transistors
of cascode LNA. Each HBT is biased, using a current mirror,
at a collector current of 8.5 mA, which is slightly lower than
the collector current corresponding to peak fiax- As shown
in Fig. 8(a) and (b), Lg and L are implemented using
transmission lines TLy and TLc, respectively, and via stacks.
TLg is implemented using a 1.4-um-wide and 10-um-long
M1 layer transmission line which provides 6.5 pH of induc-
tance. Similarly, TL¢ is implemented using a 7-pum-wide and
10-um-long transmission line using M4 which incurs 5 pH
of inductance. Inductance due to TLg and TLc lines are

Fig. 10. Chip microphotograph of (a) SE-LNA at 235 GHz and (b) D-LNA
at 290 GHz.

kept as low as possible to have a lower noise figure because
around 290 GHz impact of Lg and L¢ is not beneficial as
far as simultaneous gain boosting and noise figure reduction
is concerned. The load line of LNA is implemented using
a C-shaped center taped 2-pum-wide TM2 transmission line
which is connected to a 2-V supply line. Both TL3 and TL4
are 26-um long. This active cell of the LNA is replicated in
all four stages. Coupling capacitors (C3, C4 = 10 fF) are used
at the output of each active cell to isolate the dc current of
each stage.

2) Matching Network and Balun: The input matching net-
work is designed to conjugately match the input of the first
stage to the output of the input balun using an LC network.
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Fig. 11. (a) Small-signal measurement setup. (b) Large-signal measurement
setup.

As shown in Fig. 8(a), L-shaped matching network consists
of transmission lines (TL1 and TL2 = 34 um) and MIM
capacitors (C1 and C2 = 6 fF). Similarly, the output matching
network of the last stage is designed. Interstage matching is
achieved using a similar L-shaped matching network consist-
ing of transmission lines (TLS and TL6 = 30 um) and MIM
capacitors (C6 and C7 = 5 fF). Interstage matching networks,
between the stages, are stagger-tuned to achieve the wideband
frequency response.

As shown in Fig. 9(a), an edge-coupled Marchand balun is
implemented to convert a differential (balanced) signal into an
SE (unbalanced) signal. To achieve less amplitude and phase
imbalance, asymmetric widths of the inner and outer rings
of the balun are used to achieve large even and odd mode
ratios. The widths of the rectangular-shaped inner and outer
rings (L1 = 45 and L2 = 116 um) of balun are 2 and 4 um,
respectively. The thickest top metal layer (TM2) is used to
achieve minimum insertion loss. The minimum possible gap
between two TM2 layers (2 um) is kept to achieve maximum
coupling between the both inner and outer rings. The outer ring
of the balun is capacitively shorted to the ground with 14 fF
of MIM capacitance which is tuned to minimize the phase
imbalance. The SE output of the balun is directly connected
to a 50-Q GSG pad. A 7-um-wide short-circuit stub with a
length (TLS1) of 46 um is placed at the center of the GSG
pad which helps to resonate away the pad capacitance to have
close to 50-Q2 pad impedance, which also facilitates the ESD
protection. As shown in Fig. 9(b), back-to-back EM-simulated
insertion loss of pad-connected input and output baluns is less
than 5 dB with good matching at the desired bandwidth.

V. MEASUREMENT RESULTS

The chip microphotographs of SE-LNA and D-LNA
are shown in Fig. 10. The dimensions of SE-LNA is
263 x 278 um? with core area of 77 x 26 um? and dimensions
of D-LNA is 532 x 462 um? with core area of 254 x 64 um?.

A. Small- and Large-Signal Measurement

Both small- and large-signal measurements are carried
out on an on-wafer THz probe station. For small-signal
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Fig. 12. Simulated and measured small-signal behavior of SE-LNA. (a) S21
and S12 (dB). (b) S11 and S22 (dB).

measurements, as shown in Fig. 11(a), a Keysight’s PNA-X
N5222B is used where VDI's WR3.4 CW frequency extenders
facilitate the measurement in the 220-330-GHz frequency
range.

A transmit (Tx) extender, which can both transmit and
receive RF power, is placed at the input port of LNA to
measure input return loss (S;;) and forward gain (S;;). On the
other hand, receive (Rx) extender only downconverts the
received signal. So, to make a measurement of output return
loss (Sy2) and reverse gain (Sj), the LNA chip is rotated.
To perform small-signal measurements, an external waveguide
attenuator (VA-O10E/G from Elmika UAB) is placed at the
output of the Tx extender which helps to attenuate the output
power of the Tx extender. All on-wafer measurements include
the GSG pads for both LNAs. Thru-reflect-line (TRL) calibra-
tion is performed using a separate calibration substrate.

In Fig. 12, the measured S-parameters of SE-LNA are com-
pared with the simulated results. In measurement, SE-LNA
is biased at a 2-V supply with a bias current of 9 mA.
At 235 GHz, SE-LNA has 7.8 dB of gain with a 3-dB
bandwidth of 50 GHz. As part of the 3-dB bandwidth of SE-
LNA lies below 220 GHz (outside WR3.4 waveguide band
extenders), BW is approximated using simulated results. SE-
LNA has a peak gain of 9.2 dB at 223 GHz. In comparison to
simulated results, measured S12 is increased due to the close
proximity of input and output THz probes. Input matching was
compromised to have a minimum loss at the input matching
network which further deteriorates in measurements without
affecting the forward gain of the SE-LNA. It can be observed
that the S21 response of SE-LNA is intrinsically wideband
because, unlike [11], [12], [13], [14], [15], [16] where S21
response is relatively narrow band due to gain-boosting,
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Fig. 13.  Simulated and measured small-signal behavior of D-LNA. (a) S21
and S12 (dB). (b) S11 and S22 (dB).

gain-boosting using inductor (Lp) at the base of the CB
transistor of cascode is avoided. Output return loss is decently
matched with that of simulated results.

All stages of D-LNA are biased from a 2-V supply with
a total current of 68 mA. As shown in Fig. 13(a), D-LNA
measures 12.9 dB of peak gain at 290 GHz with 3-dB
bandwidth of 23 GHz. At 300 GHz, LNA achieves 11.2 dB
of gain. The discrepancies between measured and simulated
gain response could be explained by the fact that all stages of
D-LNA are not EM-simulated as a single block which, unlike
measurements, does not fully capture mutual coupling effects
between the stages. Due to extra loss incurred by the external
attenuator on the reflected signal, measured input and output
return loss (S11 and S22) are noisy which is more prominent
at higher frequencies.

Fig. 11(b) depicts the large signal measurement setup. Here,
Keysight’s N5222B vector network analyzer is used to drive
VDI's WR3.4 CW frequency extenders. The output power of
the Tx frequency extender is varied by changing its input
RF power which is provided by the network analyzer itself.
However, as mentioned in [42], it is observed that the Tx fre-
quency extender offers a very small linear range of operation.
Nonetheless, the output power of the Tx frequency extender
was sufficient enough to drive the LNA into compression.
As presented in [37], LNA’s input 1-dB compression point
is —9.0 dBm.

B. Noise Figure Measurement

Noise sources for the WR-3.4 waveguide band are not
available. Consequently, a complex setup such as the hot
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Fig. 14. (a) Noise figure measurement setup. (b) Simulated and measured
noise figure of SE-LNA. (c) Simulated and measured noise figure of D-LNA.

and cold method, where liquid nitrogen is used for cold
temperature, is used to determine the noise figure of device
under test (DUT) [40], [45]. To avoid such complexity, a well-
known gain method is used to perform NF measurements.
Noise figure measurement setup, as shown in Fig. 14(a),
uses Keysight’s E8257C signal generator to provide the LO
signal to the VDI’'s modulated frequency extender (SAX).
The downconverted IF signal is further amplified with the
help of auxiliary LNA which raises the band-limited noise
signal above the noise floor of Keysight’s N9040B UXA signal
analyzer.

The noise figure of DUT can be calculated by the following
equation:

NFcas = Pyoy; — (—174 + 10log,oBW + Gaincas).  (15)

Here, NFcas is the cascaded noise figure of the DUT,
probes, Rx SAX module, and auxiliary LNA. To calculate the
NF of LNA, the gain and NF of all other components are to
be known. First, NF of the Rx SAX module is estimated by
calculating NFc4s using (15) where DUT is 50 €2 GSG load on
calibration substrate. Then, the NF of the Rx SAX module is
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TABLE 1
SUMMARY OF THE IMPORTANT PERFORMANCE PARAMETERS AND COMPARISON WITH RELATED WORKS
This work | This work [18] [24] [43] [36] [12] [44]
Technology 13Q nm 1SQ nm 13Q nm 13Q nm 13Q nm 13Q nm 13Q nm 13Q nm
SiGe SiGe SiGe SiGe SiGe SiGe SiGe SiGe
ft/ fmax (GHz) 300/450 3007450 300/550 2207280 350/550 470/700 300/500 300/500
Frequency (GHz) 235 290/300 252 173 275 291 245 245
Topology CC? SE° | CC:Diff. | CC? Diff. CEP SE° | Common Base | CC* Diff. | CC? Diff. | Common Base
(1 stage) | (4 stages) | (3 stages) | (3 stages) (8 stages) (3 stages) | (5 stages) (4 stages)
Gain Boosting Technique No No Yes Yes Yes No Yes No
Gain (dB) 7.8 12.9/11.2 21.5 18.5 10 10.1 18 12
3-dB BW (GHz) 50 23 11 8.2 7 68 8 25
NF (dB) 11° 16° - - 187 119 11° 11.3°
Input-Referred Pigg (dBm) -14.0¢ -9.0 -20 -10 -10 -15.6 - -
Pgiss (mW) 18 136 149 42 122.7 119 303.4 28
Area (um?) 263 X 278 | 532 X 462 | 580 X 290 | 865 X 465 | 1065 X 355 | 700 X 380|360 X 430 | 420 X 460
“Cascode.  °Common Emitter.  ©Single Ended. ¢ Simulated. ¢ Measured.

calculated using the Friis equation of the cascaded noise figure
with known values of noise figure and gain/loss of probes
and auxiliary LNA. Similarly, the NF of LNA is estimated by
terminating LNA’s input with a 50-Q probe. In this case, the
Tx SAX module’s IF input is terminated with 50 €.

The measured average noise level of the measurement sys-

tem was —131.5 dBm/Hz, when the Rx probe was terminated
to 50 €2 calibration substrate termination. Similarly, the same
noise level was observed when LNA was off, in cases, where
the Rx extender with the probe was connected to powered
down LNA with and without the Tx extender probe connection
to LNA input. Fig. 14(b) and (c) depicts the simulated and
measured noise figures comparison for SE-LNA and D-LNA,
respectively. It can be seen that the simulated and measured
noise figures are in close agreement with each other. Noise
figures for SE-LNA are measured over 220-250 GHz and for
D-LNA from 279 to 306 GHz. The measured noise figure of
SE-LNA is around 11 dB and of D-LNA is around 16 dB. It is
observed that the noise spectrum, near the lower and upper
end of the frequency band of WR 3.4 waveguide performance
varies. Consequently, the noise figure, around 220 GHz and
above 300 GHz, is more susceptible to discrepancies. At the
same time, the noise figure at midband frequencies of the WR
3.4 band waveguide is more accurate.
Table I compares the performance of state-of-the-art LNAs
operating in the sub-THz/THz frequency range. It can be
seen that D-LNA performs better than [43], where the center
frequency is half of the maximum frequency oscillation with
8 common-base stages with 10 dB of gain and 18 dB noise
figure. It can also be seen that the majority of the work has
been done either below or close to half of the maximum fre-
quency of oscillation. In [18] and [24], the operating frequency
is above half of fy,.x with good gain which is more focused
on gain-boosting without mentioning their noise performance.
On the other hand, SE-LNA and D-LNA are operating beyond
half of fi.x with high gain and comparable noise figures.

VI. CONCLUSION

A single-stage SE and a four-stage differential LNA
are implemented beyond fi.x/2 in 130-nm SiGe BiCMOS

technology with f;/ fimax of 300/450 GHz. Gain boosting and
noise reduction techniques are analyzed to see their feasibility
on LNAs operating near the maximum frequency of oscilla-
tion. It is observed that these techniques start to show their
limitation beyond the fi.x/2 range where a tradeoff between
gain boosting and noise reduction techniques is found. Without
any gain boosting and noise reduction technique, SE-LNA with
single-stage achieves 7.8 dB gain at 235 GHz with 11 dB of
noise figure and D-LNA offers 12.9 dB of gain at 290 GHz and
11.2 dB at 300 GHz with 16 dB of noise figure. A well-known
gain method is used to measure the noise figure of LNAs at
the THz frequency range. This work proposes the possibility
of LNA-first receiver architecture operating near the maximum
frequency of oscillation for future wireless communication.

ACKNOWLEDGMENT

The authors would like to thank Keysight Technologies for
the measurement equipment donation. They also would like to
thank Klaus Nevala, Mostafa Jafari Nokandi, and Mohammad
Montaseri for their help during the measurement.

REFERENCES

[1] T. S. Rappaport et al., “Wireless communications and applications
above 100 GHz: Opportunities and challenges for 6G and beyond,” [EEE
Access, vol. 7, pp. 78729-78757, 2019.

H. Tataria, M. Shafi, A. F. Molisch, M. Dohler, H. Sj6land, and
F. Tufvesson, “6G wireless systems: Vision, requirements, challenges,
insights, and opportunities,” Proc. IEEE, vol. 109, no. 7, pp. 1166-1199,
Jul. 2021.

M. J. W. Rodwell et al., “100-300 GHz wireless: ICs, arrays, and
systems,” in Proc. IEEE BiCMOS Compound Semiconductor Integr.
Circuits Technol. Symp. (BCICTS), Apr. 2021, pp. 1-4.

M. A. Uusitalo et al., “6G vision, value, use cases and technologies
from European 6G flagship project Hexa-X,” IEEE Access, vol. 9,
pp- 160004-160020, 2021.

IEEE Standard for High Data Rate Wireless Multi-Media
Networks—Amendment 2: 100 Gb/s Wireless Switched Point-to-
Point Physical Layer, Standard 802.15.3D-2017 (Amendment to IEEE
Std 802.15.3-2016 as Amended by IEEE Std 802.15.3e-2017), 2017,
pp. 1-55.

M. Fujishima, “Key technologies for THz wireless link by silicon CMOS
integrated circuits,” Photonics, vol. 5, no. 4, p. 50, Nov. 2018.

K. Rikkinen, P. Kyosti, M. E. Leinonen, M. Berg, and A. Parssinen,
“THz radio communication: Link budget analysis toward 6G,” IEEE
Commun. Mag., vol. 58, no. 11, pp. 22-27, Nov. 2020.

[2]

[3]

[4]

[5]

[6]
[7]



SINGH et al.: DESIGN ASPECTS OF SE AND DIFFERENTIAL SiGe LNAs OPERATING ABOVE fac/2

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

B. Heinemann et al., “SiGe HBT technology with fr and fj,,, of
300 GHz/500 GHz and 2.0 ps CML gate delay,” in JEDM Tech. Dig.,
Nov. 2010, pp. 30.5.1-30.5.4.

H. Riicker and B. Heinemann, “High-performance SiGe HBTSs for
next generation BiCMOS technology,” Semicond. Sci. Technol., vol. 33,
no. 11, Oct. 2018, Art. no. 114003, doi: 10.1088/1361-664 1/aade64.
M. Hietanen, S. P. Singh, T. Rahkonen, and A. Parssinen, “Noise
consideration of radio receivers using silicon technologies towards 6G
communication,” in Proc. Joint Eur. Conf. Netw. Commun. 6G Summit
(EuCNC/6G Summit), Jun. 2021, pp. 514-519.

H.-H. Hsieh and L.-H. Lu, “A 40-GHz low-noise amplifier with a
positive-feedback network in 0.18-um CMOS,” IEEE Trans. Microw.
Theory Techn., vol. 57, no. 8, pp. 1895-1902, Aug. 2009.

K. Schmalz, J. Borngraber, Y. Mao, H. Rucker, and R. Weber,
“A 245 GHz LNA in SiGe technology,” IEEE Microw. Wireless Com-
pon. Lett., vol. 22, no. 10, pp. 533-535, Oct. 2012.

M. Elkhouly, S. Glisic, C. Meliani, F. Ellinger, and J. C. Scheytt,
“220-250 GHz phased-array circuits in 0.13-um SiGe BiCMOS
technology,” IEEE Trans. Microw. Theory Techn., vol. 61, no. 8,
pp. 3115-3127, Aug. 2013.

A. C. Ulusoy et al., “A SiGe D-band low-noise amplifier utilizing gain-
boosting technique,” IEEE Microw. Wireless Compon. Lett., vol. 25,
no. 1, pp. 61-63, Jan. 2015.

S. Malz, B. Heinemann, R. Lachner, and U. R. Pfeiffer, “J-band amplifier
design using gain-enhanced cascodes in 0.13 um SiGe,” Int. J. Microw.
Wireless Technol., vol. 7, nos. 3—4, pp. 339-347, Jun. 2015.

D. Yoon, M. Seo, K. Song, M. Kaynak, B. Tillack, and J. Rieh,
“260-GHz differential amplifier in SiGe heterojunction bipolar transistor
technology,” Electron. Lett., vol. 53, no. 3, pp. 194-196, Feb. 2017.

J. Ko, D. Kim, and S. Jeon, “D-band common-base amplifiers with
gain boosting and interstage self-matching in 0.18-um SiGe HBT
technology,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 64, no. 3,
pp. 254-258, Mar. 2017.

H. Li et al., “A 250-GHz differential SiGe amplifier with 21.5-dB gain
for sub-THz transmitters,” IEEE Trans. THz Sci. Technol., vol. 10, no. 6,
pp. 624-633, Nov. 2020.

F. He, Q. Xie, and Z. Wang, “A study on gain boosting techniques
of cascode amplifier at near- f,,4, frequencies based on gain plane
approach,” Microelectron. J., vol. 112, Jun. 2021, Art. no. 105064.

M. S. Gupta, “Power gain in feedback amplifiers, a classic revisited,”
IEEE Trans. Microw. Theory Techn., vol. 40, no. 5, pp. 864-879,
May 1992.

S. Moghadami, J. Isaac, and S. Ardalan, “A 0.2-0.3 THz CMOS
amplifier with tunable neutralization technique,” IEEE Trans. THz Sci.
Technol., vol. 5, no. 6, pp. 1088-1093, Nov. 2015.

S. Amakawa and Y. I. Graduate, “Graphical approach to analysis and
design of gain-boosted near-f,x feedback amplifiers,” in Proc. 46th Eur.
Microw. Conf. (EuMC), Oct. 2016, pp. 1039-1042.

H. Bameri and O. Momeni, “A high-gain mm-wave amplifier design:
An analytical approach to power gain boosting,” IEEE J. Solid-State
Circuits, vol. 52, no. 2, pp. 357-370, Feb. 2017.

H. Khatibi, S. Khiyabani, and E. Afshari, “A 173 GHz amplifier with a
18.5 dB power gain in a 130 nm SiGe process: A systematic design of
high-gain amplifiers above fiax/2,” IEEE Trans. Microw. Theory Techn.,
vol. 66, no. 1, pp. 201-214, Jan. 2018.

D.-W. Park, D. R. Utomo, B. H. Lam, S.-G. Lee, and J.-P. Hong,
“A 230-260-GHz wideband and high-gain amplifier in 65-nm CMOS
based on dual-peak Gmax-core,” IEEE J. Solid-State Circuits, vol. 54,
no. 6, pp. 1613-1623, Jun. 2019.

D. Simic and P. Reynaert, “Analysis and design of lossy capacitive
over-neutralization technique for amplifiers operating near fymax,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 68, no. 5, pp. 1945-1955,
May 2021.

H.-S. Chen and J. Y.-C. Liu, “A 180-GHz low-noise amplifier with recur-
sive Z-embedding technique in 40-nm CMOS,” IEEE Trans. Circuits
Syst. I, Exp. Briefs, vol. 69, no. 12, pp. 4649-4653, Dec. 2022.

K. Ono and S. Amakawa, “Theoretical study of optimal feedback LNA
design,” in Proc. IEEE Int. Symp. Radio-Freq. Integr. Technol. (RFIT),
Sep. 2020, pp. 163-165.

M. Spasaro, F. Alimenti, and D. Zito, “The theory of special noise
invariants,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 66, no. 4,
pp. 1305-1318, Apr. 2019.

H. Samavati, H. R. Rategh, and T. H. Lee, “A 5-GHz CMOS wireless
LAN receiver front end,” IEEE J. Solid-State Circuits, vol. 35, no. 5,
pp. 765772, May 2000.

[31]

[32]

[33]

[34]

[35]

[36]

(37]

[38]

(391

[40]

[41]

[42]

[43]

[44]

[45]

2487

B.-J. Huang, K.-Y. Lin, and H. Wang, “Millimeter-wave low power
and miniature CMOS multicascode low-noise amplifiers with noise
reduction topology,” IEEE Trans. Microw. Theory Techn., vol. 57, no. 12,
pp- 3049-3059, Dec. 2009.

F. Caster, L. Gilreath, S. Pan, Z. Wang, F. Capolino, and P. Heydari,
“Design and analysis of a W-band 9-element imaging array receiver
using spatial-overlapping super-pixels in silicon,” IEEE J. Solid-State
Circuits, vol. 49, no. 6, pp. 1317-1332, Jun. 2014.

M. Davulcu, C. Caliskan, I. Kalyoncu, and Y. Gurbuz, “An X-band SiGe
BiCMOS triple-cascode LNA with boosted gain and P1qg,” IEEE Trans.
Circuits Syst. I, Exp. Briefs, vol. 65, no. 8, pp. 994-998, Aug. 2018.
S. Guo, T. Xi, P. Gui, D. Huang, Y. Fan, and M. Morgan, “A transformer
feedback Gy,-boosting technique for gain improvement and noise reduc-
tion in mm-Wave cascode LNAs,” IEEE Trans. Microw. Theory Techn.,
vol. 64, no. 7, pp. 2080-2090, Jul. 2016.

Y. Zhang et al., “3.2-mW ultra-low-power 173-207 GHz amplifier
with 130-nm SiGe HBTSs operating in saturation,” /IEEE J. Solid-State
Circuits, vol. 55, no. 6, pp. 1471-1481, Jun. 2020.

A. Gadallah, M. H. Eissa, T. Mausolf, D. Kissinger, and A. Malignaggi,
“A 300-GHz low-noise amplifier in 130-nm SiGe SG3G3 technology,”
IEEE Microw. Wireless Compon. Lett., vol. 32, no. 4, pp. 331-334,
Apr. 2022.

S. P. Singh, T. Rahkonen, M. E. Leinonen, and A. Parssinen, “A 290 GHz
low noise amplifier operating above fi,4x/2 in 130 nm SiGe technology
for sub-THz/THz receivers,” in Proc. IEEE Radio Freq. Integr. Circuits
Symp. (RFIC), Jun. 2021, pp. 223-226.

S. R. Hossein Hashemi, mm-Wave Silicon Power Amplifiers and Trans-
mitters. Cambridge, U.K.: Cambridge Univ. Press, 2016.

A. C. Ulusoy et al., “An investigation of fr and f;,,, degradation due
to device interconnects in 0.5 THz SiGe HBT technology,” in Proc.
IEEE Bipolar/BiCMOS Circuits Technol. Meeting (BCTM), Jan. 2014,
pp. 211-214.

C. T. Coen et al., “Design and on-wafer characterization of G-band SiGe
HBT low-noise amplifiers,” IEEE Trans. Microw. Theory Techn., vol. 64,
no. 11, pp. 3631-3642, Nov. 2016.

E. Turkmen, A. Burak, A. Guner, I. Kalyoncu, M. Kaynak, and
Y. Gurbuz, “A SiGe HBT D-band LNA with Butterworth response
and noise reduction technique,” IEEE Microw. Wireless Compon. Lett.,
vol. 28, no. 6, pp. 524-526, Jun. 2018.

M. E. Leinonen, K. Nevala, N. Tervo, and A. Parssinen, “Linearity
measurement of 6G receiver with one transmission frequency extender
operating at 330 GHz,” in Proc. 96th ARFTG Microw. Meas. Conf.
(ARFTG), Jan. 2021, pp. 1-4.

S. Malz, P. Hillger, B. Heinemann, and U. R. Pfeiffer, “A 275 GHz
amplifier in 0A3um SiGe,” in Proc. 11th Eur. Microw. Integr. Circuits
Conf. (EuMIC), Oct. 2016, pp. 185-188.

Y. Mao, K. Schmalz, J. Borngriber, and J. C. Scheytt, “A 245 GHz CB
LNA in SiGe,” in Proc. 6th Eur. Microw. Integr. Circuit Conf., Oct. 2011,
pp. 224-227.

K. Eriksson, S. E. Gunnarsson, V. Vassilev, and H. Zirath, “Design
and characterization of H-band (220-325 GHz) amplifiers in a 250-nm
InP DHBT technology,” IEEE Trans. THz Sci. Technol., vol. 4, no. 1,
pp. 56-64, Jan. 2014.

Sumit Pratap Singh (Graduate Student Member,
IEEE) received the M.Tech. degree in microwave
electronics from the University of Delhi, New Delhi,
India, in 2016.

From 2016 to 2018, he was Research Scientist with
Circuits and Systems Division, Society for Applied
Microwave Electronics Engineering and Research
(SAMEER), Kolkata, India. Thereafter, from May
2018 to December 2018, he worked as a Senior
Engineer at Robert Bosch Engineering and Business
Solutions Ltd., Bangalore, India. Currently, he is

a Doctoral Researcher at the Center for Wireless Communication (CWC),
University of Oulu, Finland. His research interests include SiGe BiCMOS-
based mm-Wave, sub-THz, and THz integrated circuits and systems.


http://dx.doi.org/10.1088/1361-6641/aade64

2488

Timo Rahkonen (Member, IEEE) was born in
Jyvéskyld, Finland, in 1962. He received the
Diploma Engineer, Licentiate, and Doctor of Tech-
nology degrees from the University of Oulu, Oulu,
Finland, in 1986, 1991, and 1994, respectively.
Currently, he is a Professor of circuit theory
and circuit design with the University of Oulu,
conducting research, especially in linearization and
distortion analysis. Recent research interests include
28- and 300-GHz band transceiver IC development.

Marko E. Leinonen (Member, IEEE) received the
M.Sc., Licentiate in Technology, and Dr.Sc. degrees
in electrical engineering from the University of
Oulu, Oulu, Finland, in 1996, 2002, and 2020,
respectively.

From 1994 to 2012, he was with Nokia Mobile
Phones, Oulu, Finland working in various positions
with radio engineering and technology management.
From 2006 to 2007, he was the Senior Engineering
Manager, in Bangalore, India. From 2012 to 2016,
he was a Master Developer with Ericsson, Oulu.
Since 2017, he has been with the Center for Wireless Communications,
University of Oulu, where he is currently a Research Director. He holds over
40 granted international patent families concentrating on radio engineering.
His research interests include wireless radio systems and quality topics in
radio engineering.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 58, NO. 9, SEPTEMBER 2023
Aarno Pirssinen (Senior Member, IEEE) received
the M.Sc., Licentiate in Technology, and Dr.Sc.

; degrees in electrical engineering from the Helsinki
k M University of Technology, Espoo, Finland, in 1995,

) 1997, and 2000, respectively.

From 1994 to 2000, he was with the Electronic
Circuit Design Laboratory, Helsinki University of
Technology, working on direct conversion receivers

S~ and subsampling mixers for wireless communica-
A A tions. In 1996, he was a Research Visitor at the

University of California at Santa Barbara, Santa
Barbara, CA, USA. From 2000 to 2011, he was with Nokia Research Center,
Helsinki, Finland. From 2009 to 2011, he served as a member of the Nokia
CEO Technology Council. From 2011 to 2013, he was at Renesas Mobile
Corporation, Helsinki, working as a Distinguished Researcher and the RF
Research Manager. From October 2013 to September 2014, he was an
Associate Technical Director at Broadcom, Helsinki. Since September 2014,
he has been with the Center for Wireless Communications, University of Oulu,
Oulu, Finland where he is currently a Professor. He leads the Devices and
Circuits research area in the 6G flagship program financed by the Academy
of Finland. He has authored and coauthored one book, two book chapters,
and more than 180 international journal and conference papers and holds
several patents. His research interests include wireless systems and transceiver
architectures for wireless communications with special emphasis on RF and
analog integrated circuits and system design.

Dr. Pirssinen served as a member of the Technical Program Committee of
the International Solid-State Circuits Conference, in 2007-2017, where he was
the Chair of the European Regional Committee, in 20122013, and the Chair
of the Wireless Sub-Committee, in 2014-2017. He served as a Solid-State
Circuits Society representative for IEEE 5G initiative, from 2015 to 2019.
He is a recipient of European Microwave Price on the best paper of the
European Microwave Conference 2020. He is also one of the original
contributors to Bluetooth low energy extension, now called BT LE.




