
170 •  2012 IEEE International Solid-State Circuits Conference

ISSCC 2012 / SESSION 9 / WIRELESS TRANSCEIVER TECHNIQUES / 9.5

9.5 A 60GHz Outphasing Transmitter in 40nm CMOS with 
15.6dBm Output Power

Dixian Zhao, Shailesh Kulkarni, Patrick Reynaert

K.U. Leuven, Leuven, Belgium

One of the important technical problems related to 60GHz CMOS transmitters is
the poor average efficiency when transmitting amplitude- and phase-modulated
signals. The cause of this low efficiency is the required back-off from the output
1dB compression point (P1dB) to meet EVM and transmit spectrum mask speci-
fications. A conventional power amplifier (PA) only provides maximum efficien-
cy near the saturated output power (PSAT). For a 6dB back-off from P1dB, the out-
put power and PAE of the state-of-the-art PAs remain below 9dBm and 5%,
respectively [1,2]. 

This paper presents a 60GHz transmitter (TX) based on the outphasing tech-
nique [3]. It avoids amplifying variable-envelope signals and reconstructs the
modulated signals by vector summing two constant-amplitude phase-modulat-
ed signals using an on-chip power combiner. The proposed design proves to
have higher linear output power with better average efficiency compared to exist-
ing 60GHz solutions.

As shown in the system diagram of Fig. 9.5.1, the outphasing TX requires con-
stant-amplitude phase-modulated baseband signals SI1(t), SI2(t) and SQ1(t),
SQ2(t) where θ(t) indicates the modulated phase and the outphasing angle ϕ(t)
determines the instantaneous amplitude (ϕ(t) = cos-1[a(t)/2A]). The baseband
signals are upconverted by the I/Q mixer to generate the desired outphasing sig-
nals at PA inputs (i.e., S1(t)=Asin[ωct+θ(t)+ϕ(t)], S2(t)=Asin[ωct+θ(t)-ϕ(t)]). As
the two PAs only need to amplify constant-envelope signals, they keep operating
in saturation and thus achieve high power efficiency. At the output, the power
combiner sums the amplified signals and reconstructs the amplitude modula-
tion. Since the outputs of the two PAs are coupled through a transformer-based
combiner, their load impedance increases when the outphasing angle increases
(i.e., when the output power decreases) [3]. This load modulation effect reduces
the PA power consumption and is another major benefit of outphasing. Note that
this TX can also operate in conventional direct-conversion mode when SI1(t) =
SI2(t) = I(t) and SQ1(t) = SQ2(t) = Q(t). The measurement results of both operat-
ing modes (outphasing and conventional) will be compared.

The TX consists of a power combiner, two PAs, I/Q upconversion mixers, poly-
phase filters (PPF), LO buffers and single-ended-to-differential (SE/D) baseband
amplifiers. Figure 9.5.2 shows the implementation of the I/Q double-balanced
mixer, which is tuned at 60GHz by a transformer and 35μm interconnects. As
this TX uses a direct-conversion architecture, carrier feedthrough may arise due
to asymmetries in the circuit, which can be alleviated by employing a common-
gate (CG) buffer amplifier. In contrast to a common-source (CS) stage, the CG
stage loads the mixer with 10 times lower input impedance and hence reduces
the LO-to-RF coupling (from LO port to the input terminal of the buffer) by 5 to
10 dB in the 60GHz band. The I/Q LOs are generated by a two-stage PPF to
achieve an image rejection ratio (IRR) of 25dB over the entire 60GHz band. As
shown in the floorplan of the PPF, all the Rs and Cs are laid out in a way to sim-
plify the routing and improve the matching (C1 = 30fF, C2 = 34fF, R = 75Ω).

The PA incorporates two unit PAs with a power combiner at the output (see Fig.
9.5.1). In the design, the neutralization technique is adopted by cross-connect-
ing the interdigitated metal-oxide-metal capacitors between the drain and gate
terminals of the differential stage to improve the stability and reverse isolation.
The transformer-based combiner has a loss of 1.2dB and sums the outphasing
vectors at the TX output. Since the outphasing angle between these two vectors
varies over time, a combiner as in [2] cannot be used. Instead, a combiner with
two separate transformers is developed for outphasing operation. As shown in
Fig. 9.5.4, the primary side of the combiner has two pairs of differential ports
excited by outphasing signals while the center taps provide DC access. The
unwanted magnetic coupling of adjacent windings is minimized by orthogonal
placement of the two coils. This combiner has a -1dB BW of 20GHz which guar-
antees correct outphasing operation.

The TX is fabricated in a 40nm digital CMOS technology. In the design, inductors
and transformers are carefully filled with metal dummies, resulting in a perform-
ance degradation of only 2% according to field simulation. Mismatch between
the two outphasing signals S1(t) and S2(t) (see Fig. 9.5.1) is a potential cause of
amplitude and phase distortion. Therefore, special attention is paid to the floor-
plan of the TX and the physical layout, to minimize the asymmetries in baseband,
in I/Q LO distribution and between the S1(t) and S2(t) signal paths. Figure 9.5.7
shows the die micrograph and the TX measures 0.96mm2. The measurements
are performed on a high-frequency probe station with the DC and low-frequen-
cy pads wire-bonded to a PCB. In the measurements, no predistortion or equal-
ization is applied.

Figure 9.5.3 shows that the TX has a measured conversion gain of 26dB and the
–3dB RF BW is more than 7GHz (59.5 to 67 GHz). The IF BW is measured by
varying the baseband input frequency, which exceeds 3.6GHz and is sufficient to
accommodate outphasing signals for 60GHz. In the 57 to 66 GHz band the PSAT,
measured with a power meter, varies between 13.8 and 15.6 dBm while the PAE
(only PA) is higher than 17% with a peak value of 25% at 60GHz. The IRR is bet-
ter than 20dB in the 60GHz band. The transmitted QPSK spectrum with a sym-
bol rate of 1.76GS/s and a roll-off factor of 0.35 meets the spectral mask of the
IEEE802.15.3c and WiGig standards at an output power of 10.5dBm. 

The two major benefits of the TX in outphasing mode are demonstrated in Fig.
9.5.4, which shows the measured output power and the PA power consumption
for both outphasing and conventional direct-conversion modes. First, the TX in
conventional mode starts to saturate at a P1dB of 13dBm and shows a PSAT of
15.6dBm while the outphasing TX is able to operate linearly up to the maximum
output power of 15.6dBm (Plin,max = PSAT). Consequently, the outphasing TX
does not need to operate at back-off when processing variable envelope signals.
Second, the outphasing PA consumes less DC power because of the load mod-
ulation effect. Therefore, the outphasing mode is able to achieve higher average
output power (PAVG) and better average efficiency with complex modulation. 

The benefits of the outphasing mode for efficiency and linear output power are
further confirmed by EVM measurements with varying envelope QPSK and 8PSK
signals at 62GHz. For a roll-off factor of 0.35 (raised-cosine filter), the peak-to-
average power ratio (PAPR) of both QPSK and 8PSK is 4.9dB. Figure 9.5.5
shows that the outphasing mode achieves >13dBm PAVG and >15% average PA
efficiency (ηAVG = PAVG/PDC,PA) for both QPSK and 8PSK at the EVM of -25dB. It
performs two times better than the conventional direct-conversion mode in PAVG
and ηAVG for the same EVM.

Figure 9.5.6 compares the measured performance with other 60GHz transmit-
ters, clearly showing the improved efficiency and higher linear output power of
the presented outphasing TX.
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Figure 9.5.1: System diagram of the outphasing transmitter. Figure 9.5.2: Schematic of the I/Q mixer and floorplan of the PPF.

Figure 9.5.3: Measured TX conversion gain, IF BW, PSAT, PAE (PA) and IRR in
60GHz band, and the TX QPSK spectrum at fC of 62.64GHz.

Figure 9.5.5: Measured constellations of QPSK and 8PSK in outphasing mode,
and comparison with conventional mode. Figure 9.5.6: Performance summary and comparison.

Figure 9.5.4: Layout of the power combiner, measured POUT and PA power con-
sumption in outphasing and conventional modes.
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Figure 9.5.7: Die micrograph.


